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A SURVEY Ol-' Till-; MAIN l>RrNCn'Li:S OF COLLOID 
SCIENCE 

\W James \V. Me Ha in 

Some temerity is rcijuired in attempting' to pass in review the 
outstanding generalizations in the subject of colloids. 'Phis field of 
science has so many asjiects an<l is so evidently emerging from the 
I)reconceptions adopted twenty years ago that the persi^ctive must 
necessarily be somewhat individual. Nevertheless the attempt should 
be justified by its usefulness in calling attention to main princii>les 
and in its provix'ation to further e.\|x*rimental and theoretical study.' 

The two main problems of colloid science are structure and sta- 
bility. What is the stiucture which places matter in this category? 
Whence do such structures derive such a measure of stability as to 
constitute nearly all the common materials met with in daily life? 
The answer to the first question is clefinitely that in most cases the 
unit of which colloids are built up is not the mere molecule but a 
higher organized unit, the jKirticle called by Nageli the micelle. 

The question of stability ha'^ not been properly faced. I sub* 
mit that there is a class of substances whose most stable state Is 
the colloidal condition. They are thermodynamically stable in the 
strictest sense, in that the colloid i-tate is for them more stable than 
the crystalline or crystalloidal. Many substances have never even 
been brought into the crystalloidal state, so that proof is necessarily 
lacking just because they are too strongly colloidal. Nevertheless 
there are some intermediate substances where lx)th the colloidal and 
crystalloidal states are producible at will, because they are almost 
equally stable. This is the most imjwrtant result of the study of 
soaps.* Here we can have perfect true crystals in true reversible 
equilibrium with a solution in which soap exists partly as colloid and 
partly as crystalloid. From the standix)int of the strictest thermo* 
dynamic criteria they possess an exactly equal degree of stability. 

‘C/. Thomas, /. Chem. Education, 2, 823 (1025); Kruyt, Natnra, 111, 827 (1928). 

* Cf, McBain and Taylor, Z. ^hytik. Ckem., 76, 208 (1011). 

7 
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Under other conditions the coUohl form is more stable and the 
crystal or the true crystalloidal solution ' passes spontaneously into 
the colloidal form, thereby demonstrating the lower free energy of • 
the colloidal state for such cases. We have shown that the phase 
rule governs the external equilibria of all such phases,^ 

It is evident that this point of view embraces not only sols but, 
also jellies and gels. If accepted, it is much more heartening than 
the conception, hitherto universal, that colloids are inherently unstable 
formations which have been brought by various devices into this 
state of dispersion and are rather precariously kept there, either on 
account of slow rate of reaction or through a balance of compensat- 
ing factors which inhibit alteration. 

Von Weimarn has made the most extended study of these thermo- 
dynamically unstable colloids and his rules for utilizing degree of 
supersaturation have enabled him to disperse over three hundred dif- 
ferent substances, using sixteen different solvents.* The only reason 
for the cpntinued existence of such colloids is that their surface is 
homologated to the nature of the solvent, generally by a stabilizing 
agent, which we shall discuss later. 

In dealing with the proposed class of thermodynamically stable col- 
loids, I would further suggest that they can only then be truly stable 
when the micelle has such a structure that part of every molecule 
of the micelle is exposed to the solvent. This idea can be best de- 
veloped by illustration. For example if water and palmitic acid are 
sealed up in an evacuated tube the most stable and therefore perma- 
nent state is that where the palmitic acid forms a monomolecular film 
upon the surface of the water, any excess remaining as a crystal or 
crystals. 

In the case of soaps there are two kinds of micelle, the neu- 
tral and the ionic micelle. The first, following a somewhat modified 
suggestion of S. E. Sheppard, may be likened to a part of brushes 
ituck to each other by placing the bristles in contact. Each bristle 
represents a paraffin chain, so that all the parallel bristles together 
resemble a solid block of paraffin the length of two molecules in 
thickness. The backs of the two brushes form the exterior of the 
neutral micelle and they alone are in contact with the solvent; they 
comprize the carboxyl group and the sodium or potassium, any. elec- 
trical double layer, and the water of hydration. Hence the whole 
exterior is closely similar to a molecule which is soluble such as 
formic acid or sodium formate. 

The ionic micelle may be pictured in terms derived from an old 
conception of Reychler (1913) recently revived by N. K. Adam, as 

and Elford. J, Cktm, Soc,, ISS, 421 (1226). 

*Von Weimarn, **Die Allgemeinheit dea Kolloidtuatandea,'* 2nd Ed. Theodor Steinkopfr, 
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a bat| . composed of say ten soap ions, the paraffin chain radiating 
from rfie center, the outsWe being composed of ionized carboxyl gfoups 
together with water of hydration. Here again, as the radius of the 
ball is the length of the soap ion, each ion has its soluble end ex- 
posed to the solvent. 

Similar structures must be postulated for other truly stable col- 
' 4pids. The finest work in this field is that of O. U S[)onsler* and 
W. H. Dore on cellulose. Their structural model, to be exhibited at 
this symposium, is derived from X-ray evidence, and a full descrip- 
tion is given in this Monograph. The model accounts for all twenty of 
- the spacings as determined by X-rays. Here there is a question as 
to whether or not the micelle appears as a filament or more prob- 
ably a sheet only a few Angstrom units thick, but perhaps extending 
file whole length of the fiber. 


I. Micellar Structures. 

Some colloidal particles such as those of gold in water have been 
shown by X-ray investigation to be actual crystals. This however 
does ‘not account for their existence in tliis unstable condition. It 
is not the nature of the interior but the composition of the exterior 
of the particle that determines its chief properties and degree of 
stability. Probably in every case the exterior lias to consist of a 
stabilizing agent. The mottp of the colloid is, ‘‘Save the surfab?, aM 
you save all.*’ Even an incomplete monomolecular layer of any suit- 
able soluble material may be sufficient. , * Um 

1. Individual micelles were assumed by Einstein in to DC 

equivalent to single molecules from the standpoint of the kinetic theory. 
This has led to much brilliant work upon the Broiimian movement, 
which has fully substantiated this point of view.® Only in one rc- 
spot is there- an important outstanding discrepancy, wlu^ ^ 
the subject of debate in previous Symposia. This is the fwt that 
the expkted sedimentation under the influence of gravity is ohscri^ 
only Siin a very thin layer at the top of the colloidal solu^. 
ndiereas the bulk of the solution is uniform. Various forces have 
been tentatively suggested to account for this but without succe^ 
^examrfe, ^rter has shown that the Helmholtz double layer 
result in an attraction rather than a repulsion between parades. I 
tterefore put forward the point of view (discussed more fully ufl^ 
11^ below) that the {articles behave like large ions • and that the 

' *1* ..bS «i«l.ur PmWt Htigm, Tnmt 

St., IS, 1 uMS). 
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free ions of opposite charge have been forgotten in the discussion. 
The particles themselves would soon sediment but that would develop 
large electrostatic attraction between them and the freely diffusible 
ions of opposite charge which would oppose appreciable separation. 
The case is somewhat similar to the electrical forces governing the 
diffusion of ions in considering the diffusion potential between two 
salt solutions. 

The effect of gravity is thus a compromise and is observed only 
in a vertical direction, and not sideways. At the very top of the 
solution the heavy jxirticles will hang below the diffusible ions. In 
the body of the solution a uniform distribution is attained, and at 
the bottom the elastic rebounds from the bottom of the vessel eliminate 
further sedimentation.® 

This suggestion would account for the sedimentation being ob- 
served only at the top surface, and would partly explain why colloids 
should appear least stable at the isoelectric point. Further, emulsions, 
which in general consist of charged droplets, should not cream if the 
droplets are made fine enough ; whereas very large particles or jxirticles 
subjected to great force, as in a centrifuge, should sediment. 

2. Simple primary micelles existing indeixjndently, such as we 
have been discussing, appear to be quite rare and exceptional. Usually 
they are more or le.'-s loosely aggregated to give larger formations 
as is frequently pointed out by almost all the well known writers 
on the subject of colloids when discussing particular cases. I have 
emphasized ® the enormous effect tliis must have upon the apparent 
viscosity of the solution. The increai^e in apparent viscosity is often 
of a much higher order of magnitude than that calculated by Einstein 
(or Hatschek) for individual f)articles (relative viscosity = 1 -f- 2.5 v, 
where v is the fraction of the total volume occupied by the particles), 
and far transcends that due to true hydration of the particles. 

Kruyt and others have recently extended the so-called electro- 
viscous effect predicted by von Smoluchowski from certain poorly 
conducting systems to other systems about which he explicitly stated 
his doubts. There seems to be no reason why such an effect should 
not occur, but its correct quantitative formulation is now in doubt, and 
it is probably unimportant. For example in a recent i>aper by Kruyt 
and Tencleloo '' data are given for aqueous solutions of starch in 
which the enhancement of the apparent viscosity due to “hydration'* 
(treated as aggregation in our preceding paragraph) is calculated to 

• It must be remembered that Browhian movement at tuch doct not affect rate of fell 
and is not retponsible for the failure to sediment, since Brownian movement is wholly 
random and disordered whilst K^avity is constant and directed^ in a bottomless vessel the 
rate of fall would on the average be constant forever. An atrhospher6 owes its existence 
to the elastic kinetic imp.'icts with the bottom surface. . 

•McBain, /. Pkys. Chem., 80, 230 (1936). 

Kothid-Z,, 18. 190 (1916). 

^ Koninktijk* A had. lVtt*nschoppfn Amsterdam Proc., 27, 877 (1084). 
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be one hundred times greater than the “electroviscous effect”; thus 
the latter seems to be relatively of negligible importance. 

3. The micellar structure of jellies. In 1916 Hatschek** could 
write, 'The most generally accepted theory of the constitution of 
coherent gels like gelatin or silicic acid gels is that they consist of two 
liquid phases.” Now as VVeiser'® writes, ”The vast majority of in- 
vestigators incline to the view that jellies arc two-phase solid-liquid 
systems, in which there is a network. . . In many cases Hiere is 
no doubt that the micelles or even the aggregates in the jelly are the 
same as in the sol from which the jelly was derived, only they are 
no longer independent but partly stuck to each other in the jelly. 
Sometimes the aggregates tend to be filamentous. It is interesting that 
all the typical jellies if carefully enough prepared are transparent^ 
and show no visible structure or particles even in the ult ramie roscofye 
(unpublished experiments of H. Harris on dibenzoylcystine, barium 
malonate, lithium urate, etc.). 

The relation of jellies to the various tyixjs of gels has not yet 
been worked out. It is rather surprising to find how many cases 
there are of ready i>eptizatioTi of gels by stabilizing agents— <lismem- 
bering of the gel into small aggregates of micelles or into individual 
micelles by satisfying the res|>cctive valencies with adsorl>cd or com- 
bined material. This is peptization in the original sense of Ciraham.** 
Weiser has explained one aspect of the surface equilibria in insisting 
that the particles must be hydrous. 

Any substance may he produced in the form of a gelatinous pre- 
cipitate by using von Weimarn’.s rules involving Sufficiently high con- 
centration and sufficiently fine particles. However, true jellies often 
form in comparatively dilute solution in spite of moderately, good 
solubility. Thus for example true soap jellies under certain condi- 
tions may be thermodynamically stable as discussed in the introduc- 
tion above and form spontaneously from all other less stable states. 

4. The structure of gels. Collander’s work on the sieve struc-* 
ture of semipermeahle membranes of cop}')er ferrocyanide has shown 
that the interstices between the micelles or aggregates are about 4 
Angstrom units in diameter. I would suggest a still better molecular 
sieve, namely such crystals as dehydrated zeolites, etc. For example, 
O. Weigel found that good crystals of chabasite from whose space 
lattice water has been removerl without destroying the space lattice, 
sorb water, methyl alcohol, ethyl alcohol and formic acid; but wilt 
not .take up acetone, ether or benzene. From the molecular volumes 
of these compounds I calculate that the openings in the space lattice 
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are just smaller than 5 Angstrom urfits, which permits of the pre- 
diction jof the sorption of other vapors and even gases. 

Many gels appear to have an analogous structure; for example 
partially dehydrated silica gel or copper oxide or manganese dioxide, 
and charcoal. Activated charcoal may well consist of a conglomerate 
of incomplete space lattices into which the sorbed material penetrates. 
This would render intelligible the time required, the absolute amounts 
at various periods of time, the relative amounts of various sorbed 
materials, and some of the phenomena of catalysis. Somewhat similar 
structures arise when gels are swollen in a suitable liquid and then 
hardened by a second agent. In many cases it has to be remembered 
that there is competition for any particular valency of a micelle be- 
tween the material to be sorbed and other particles ; the extent of dis- 
* memberment, or conversely, aggregation depends upon the result. 


n. Stability. 


We have. seen that stability whether artificial or inherent is due 
to the nature of the surface of the micelle. Reactions with a surface 
,are classified as sorption, and sorption embraces all the reactions of 
colloids. Adsorption often precedes chemical action (and arises from 
unactivated molecules). It may be due to various forces, residual 
affinity or stray fields of force, primary valency or shared electrons, 
or electrostatic form, etc. Reference should be made to the recent 
summary by H. S. Taylor for the Committee on Contact Catalysis.^^ 

1. The fundamental theorem is the Gibbs theorem, to which there 
can be no exception. However, the Gibbs equation correctly takes 
into account the adsorption of all constituents actually present, whereas 
in practice as usually applied some constituents are ignored. Sec- 

^ondly, the Gibbs theorem deals with thermodynamic potential,^ partial 
' tnolal free energy or activity, whereas it Is usually misquoted and 
misapplied in terms of concentration. Thirdly, only in the .rarest 
cases is the surface tension actually known. 

2. The dominant conception is now that of oriented and polar 
groups. This has been invoked in the introduction to explain not 
only how the exterior of a micelle may be stabilized but also to ex- 
plain* the structure and hence the existence of the interior of stable 
micelles. An excellent illustration is that studied by Giles and 
Salmon,** the nonconducting, sol of silver in stearic acid where the 
micelles consist of silver with the essential coating of silver stearate, 
silver to silver and stearate radical to stearic acid solvent. This sanOt 


K/ysf»thgrapkit, 61 , 125 ( 1924 ). 

« /. Pkys, Ck4m., 80 , 145 ( 1926 ). 

«»>. Ckem, Soc,. tendon. 198 . 1597 ( 1998 ). 
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* ' 

conception apf^ied to long molecules explains the close relation be- 
tween colloids and colloidal electrolytes and liquid crystals. 

3. Solvation. Solvation appears to be universal, and the chief 
function of all stabilizing agents in homologating the surface of the 
micelle to the solvent is in inducing solvation. Desolvation causes 
aggregation, coagulation, etc. . 

4. The Helmholtz electrical double layer probably enfolds many 
colloidal particles, but its chief function is presumably in stabilizing 
the colloidal particles through induced solvation. As Porter {toe, cU.) 
has indicated, the Helmholtz double layer as such would rather pro- 
duce a mutual attraction and therefore coalescence of particles than 
produce apparent stability through repulsion. Further, the Helmholtz 
double layer appears to have almost no connection with electrokinctic 
phenomena'* such as movement in an electric field (electrophoresis, 
electro-osmosis, etc.). The modification projwsed by Gouy is like- 
wise inadequate^® to connect the double layer satisfactorily with the 
observed electrokinetic phenomena. 

Silicic acid and globulin and other colloids are said to be most 
stable at the isoelectric point where they show no movement whatever in 
the electric field. Possibly here the Helmholtz double lay^r la com- 
plete over the- whole of their surface, which would account for their 
stability owing to induced solvation. ^ 

For about fifteen years a formulation of ‘‘contact potentiar* be- 
tween micelle and solvent has been in current use, and even though 
Hiiekel has recently introduced a fifty per cent correction for the 
simplest case the general theoretical treatment, in s|>ite of Helmholtz’s 
great paper, has become wholly unsatisfactory and misleading. The 
orthodox formulae which assume movement within the double layer arc 
based upon premises now shown to l^e invalid. Thus it is assumed 
surface is shielded from all contact with the outer solvent 
by a complete sheath of ions; the thickness of the whole double l^yei 
is assmmed to be uniform, all ions or charges of the double layei 
movtag at the same speed; and finally, it is assumed that the filit 
within the double layer is thick enough to exhibit the vij^sity aftd 
dielectric constant of pure water, although the voltages consistent witt 

this are inadmbsibly great. .u « j. 

Freundlich has done good service in emphasizing that the el^roA 
potential” of a micelle and its “electrokinetic potential” are, not necfcs- 
sarily even of the same sign." However, even this does not- go fat 
anougb. Consideration of the equilibrium involved in the adsorptioi 
of iOM and of the dissociation of surface molecules, etc., sht^s cleatl] 
that diflfferent parts of the same surface have different contact po 



(ms). 



14 


COLLOID SYMPOSIUM MONOGRAPH 


tentials, and the different parts may differ even in sign. The formula- 
tion of the electrokinetic potential therefore needs complete revision. 

5. Most colloids resemble electrolytes. The Helmholtz double layer 
may not be complete, it may even be lacking or much more com- 
plicated,^'* but if for whatever reason there is on one particle an excess 
of charges of either sign, the micelle or aggregate will behave as a 
large ion. The extreme case is the ionic micelle of soap where there 
is a negative charge for each fatty molecule, or rather ion, in the 
micelle. 

It is a remarkable and unexplained fact that all these particles 
exhibit a rate of movement in the electric held which is of the same 
order of magnitude for true ions. 

Miss r.aing has formulated the theory of this subject and shown 
by direct experiment that electrophoresis, electro-osmosis, electrolytic 
migration, etc., are all inherently identical phenomena. The fraction 
of the current carried by any charged body whether ion or colloid 
or wall or hubhle is equal to the ratio of its actual conductivity to 
the total conductivity of the system. 

fraction of current = 

lA 


where C| is the concentration and fi is the conductivity of unit concen- 
tration, and p is the sum total of all such c f terms for all constituents 
present. i 

The bodily movement differs from this by a factor nii which is the 
number of units to one electrical charge, 

bodily movement 


The factor nti may be very large, say many thousands, for ordinary 
slightly charged colloids, and correspondingly is exceedingly small. 
It is Wj/i and not /, that is comparable with the movements of true 
ordinary ions u and v whose m is equal to unity ; that' is, whose charges 
correspond to their chemical equivalents. Electrophoresis or actual 
bodily movement is found to be almost independent of the amount of 
electrical charge, and likewise almost independent of the conductivity 
of, the particles. 

Neglect of this factor Wi is the methodical error which vitiates the 
recent work of Varga, Wintgen, and Zsigmondy.^* Their ‘‘mobilities'’ 
have to be divided by m, to find the conductivity. They fall into a 
further error in interpreting U-tube experiments on electrophoresis. 


“ Mukherje^ PhU, Mag. (6), 44, 821 (1922) 

**/. Phys. Chem., 28 . 673 (1924). 

Varga. Kolloidchem. Beihefte. 11, 1 (1919); Wintgen. Z thvsik Chem lOS SSB 
(1932); 107. 403 (1924); Zsigmondy, “Kolloid-chcmic." f?e Auf!..m 198 (1926) ' 
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Both Lash Miller and G. N. I.ewis have shown that it is a consequence 
of the law of the conservation of matter that the ‘hnoving boundary” 
n^ethod must give results which arc prei'isely identical with those de- 
rived from the Hittorf method of quantitati\e analysis. These errors 
and the neglect of the Donnan equilibrium make their numerical values 
for the charges of colloids .something like ten timc.s too large. In no 
case hitherto has the absolute charge of a colloidal particle been quan- 
titatively measured. 

6. The Donnan distribution law appears to be of universal validity 
for all solutions containing electrolytes. That is, within all j)arts of 
a system in equilibrium, for example, within any colloidal solution, or 
within the different parts of a jelly, the product of the activities of 
every pair of monovalent diffusible ions must be constant. Approxi- 
mately, the ionic product in terms of concentration should be constant 
throughout. Any change subject to a sivatial constraint will cause a 
corresponding redistribution of all other ions in the neighborhood, but 
the ionic product for each pair of free ions is con.stant. There is no 
need of a membrane, as Procter and especially Wilson have .shown, 
to produce the constraint, although the distrilmtion may be highly local 
and the constancy merely statistical. 

While therefore the Donnan distribution occurs wherever several 
diffusible ions are pre>ent, there is serious doubt about the numerical 
value of the .so-called osmotic pressures (really differential pressures 
against solution of electrolytes) which have been obtained with colloids 
.so far. The exiKTiniental values range from one half to tenfold those 
predicted. Some doubt also attache^ to the “membrane |K)tcntials” 
l>ecau.se the diffusion jKitentials between solutions of ix)tassium chloride 
and those containing a nondiffusing colloid ion have not yet been eluci- 
dated, so that opinions differ. 

Grossly exaggerated claims have been made by I.ocb and others *• 
as to the part the Donnan e<]uilibriuni plays in colloidal behavior. 
I.oeb’s ad hoc definition would exclude most of the phenomena of col- 
loids from that subject. For example the fact of gelalination or of 
coagulation was referred to the subject of “solubility.” not of “colloidal 
behavior.” Even, in the effects he observed (his exjierimental results 
of course are not here in question) the Donnan distribution is only a 
factor. Two of the three or four phenomena he studied were effects 
of electrolytes on swelling and on vi.‘-cosity. In both fields there are 
other instances of effects on swelling and on vi.scosity which exceed 
his tenfold in magnitude and yet cannot lie ascribed to the Donnan 
equilibrium. For example in the ca.se of soaps, so closely related to 
Loeb's materials, when the viscosity is increased fifty fold by addition 
"of salt the effect is comparatively enormous and it is in the opposite 

••ThoniM, /. Chtm. Education, 2, 827 (1925). 
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direction to that predicted by Loeb for salts. The other aspect of 
Loeb’s work, which has been most useful, is his emphasis' upon the 
predominant importance of hydrogen and hydroxyl ions., Few would 
care to deny chemical action between acids or bases and amino acids 
or .their protein derivatives, but the quantitative formulation is that of 
sorption,*® and other investigators have shown that sorption of various 
ions is not negligible. 

7. The effects of the Hofmeister or lyotrope (Freundlich) series of 
ions are too striking to be ignored. They have been observed with too 
many types of colloids and in connection with too many systems not 
even containing colloids to be attributed to systematic experimental 
error (I^eb). Many of the salient phenomena of reversible colloids 
such as coagulation by heat are profoundly affected, and often in 
different directions in acid and alkaline solutions. Similarly with the 
coagulation of reversible colloids by electrolytes, or their gelatination, 
or the swelling of jellies. A remarkable case in point is afforded by 
Michaelis’ observations on the swelling of konyaku in various electro- 
lytes. Recent workers who have fulfilled Loeb’s injunction to keep the 
pH of their solutions constant have nevertheless observed these effects 
and found that sorption of these ions occurs and is specific. 

t 

III. The Theory of Spa^'se Surface Dissociation. 


Jordis, Lottermoser and Duclaux long ago emphasized that the 
stabilizing agents in ordinary colloids are ionizable electrolytes. More 
- recently many investigators using very different lines of approach have 
been led to a common conception of the equilibria on the .surface of 
ordinary slightly charged colloid^ such as "‘ferric hydroxide” or ‘"arsenic 
trisulfide.” Stability is ascribed to a small amount of .stabilizing agent 
derived by sorption on the surface, ajid of this small amount only a 
minute fraction is dissociated. For example, according to Freundlich 
the stabilizing agent of Oden’s sulfur is derived from pentathionic acid. 
That of gold sols is according to Pauli derived from auric acid, and 
that of stannic acid according to Zsigmondv is derived from potassium 
stannate. It will be seen that these colloidal particles differ greatly 
from the ionic micelle of such a colloidal electrolyte as soap, and much 
more nearly resemble that neutral micelle of soap; but with one funda- 
mental difference, that the ordinary colloidal particles are stabilized 
only through a surface covering. Attention is thus focussed upon the 
nature of the surface, not of the substratum or interior of the piicelle, 
which is almost a matter of indifference except for its affinity for the 

••Rinde. PM. Mag. (7) 1, 32 (1930>. 

” Cf. Hatachek, “Introduction to the Phy*ic» and Chemistry of Colloids,” 4th ediHon, 

** ^Miclaelia, **The Effects of Ions on Colloidal Systems,” 93 (1935). 
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Stabilizing agent. The micelle behaves 4ikc a chemical individual 
large ion which though’ polyvalent carries many hundreds or thousands 
of equivalents to each free cliarge. The reactions are those of the^ 
unbalanced ions weighted with the remainder of the jx-irticle and there- 
fore less soluble riian in the free condition. However, even the unicm- 
iz^ molecules of -stabilizing agent can exchange radicals with other 
elwtrolytes. 

A verbal confusion must lie referred to here. So far in this paper 
the word micelle has been used in the sense for which Nageli originaljy 
coined it to denote the colloidal j>afticlc. Shortly licfore the revival 
of the micellar theory of Nageli, Duclaux adopted a suggestion of 
Cotton and Mouton to suhj-tiUite the word ‘ItT granule” for Nagcli's 
“micelle,” and to call “la granule” plus an equivalent amount of oj^)OS- 
ing free ions “la micelle.” The word “micelle” is ik)w currently used 
in both sen.ses. For example, it is equally correct to state that the 
ionic micelle of soap contains no sodium or |X)tassium as to say that 
this “micelle” contains one atom of sodium or |)otassium for every 
fatty radicle. The term “ionic micelle” has always been used in the 
original or Nageli sense. I would continue to preserve the term ionic 
nicelle for the fully charged particle carrying one charge for each 
Kiui\^lent of. fatty radicle, whereas the charge on the ordinary “granule^” 
>r charged particle of such a colloid as gold is perhaps a thousand times 
ess in proportion. 

The modern theory of sparse surface dis.sociatian lays emphasis 
ipon the chemical side, and does not so often invoke “change in degree ♦ 
)f dispersion.” For example, it has to explain: 

1. The mutual interaction'- of colloids which are essentially the in- 
eraction of the two stabilizing agents : 

(a) .Sensitization when a small amount of a second col- 
loid whether lyophile or lyophobe, and sometimes even of the 
same sign, is added. (This appears to he particularly impor- 
tant in biology and medicine.) 

(b) Mutual coagulation when the two stabilizing agents are 
equivalent, or destroy each other. 

(c) Protective action when a lyophile colloid is in sufficient 
excess (this is perhafis the most important single application 
of colloid science). 


2. The action of strongly sorbed non -electrolytes in displacing stabil- 
izing agents; or of non-electrolytes in reducing solubility as shown by 
iThomas and Miss Johnson. 





Oiiuer. Tram. Faraday (1926): Tbomaig /. Chem Hducation, 2, StS (1025): 

mierott* p«Mr» Mnce 1917 hr Pauli. 

fWnndUeli, Bogu«’>' Beimviour.” 1, 297 (1924). 
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3. The effect of mere concentration in causing flocculation and the 
similar effect of added common ion; also the effects of dilution on the 
coagulation values. 

4. The effects of electrolytes in exchange of ions and in consequent 
increase or decrease of dissociation. 

5. "J'he effects of the valency of added ions, and the deviations from 
the usual rules due to insolubility of the product in special cases. 

6. AH the electrokinetic behavior on the one hand, as well as capil- 
larity and electrocapillarity on the other. 

7. The various “contact potentials'’ of the same colloidal particle, if 
indeed contact potential is really a useful conception. In addition to 
those mentioned already which may vary in origin, magnitude, nature, 
and even sign for different t)ortions of the same particle, Wilson’s dis- 
cussion of the Donnan equilibrium leads to yet another which scarcely 
affects the electrokinetic behavior. 

In concluding this necessarily personal review of the outstanding 
principles and generalizations of colloid science, with its attempt to 
offer a few new suggestions, I would take the opiwrtunity of uttering 
a plea that the phenomena of colloidal behavior should he described 
in terms of the directly observed facts rather than of theories or 
inferences. 

University of Bristol, 

Bristol, England. 

•* Usher, Trans. Faraday Soc. (1926). 



THE COLLOID PARTICLE AS RE\ EALia) BY CATALYTIC 

STUDIES 

By Hugh S. Taylor 

A considerable body of evidence is now available ’ with reference 
to the proj3erties of a catalvtic surface, showing that such a surface 
is not uniformly active and that chemical reactions occur over portions 
of the surface which may vary in extent from a \ery small fraction 
of the surface to the whole area. A theory which takes account of 
these facts was recently put forward by the writer, hor reactions in 
which only a relatively small fraction of the surface * is catalytically 
active, the activity is associated with occasional groups of atoms fixed 
in metastable positions, a.vsociated with high energy and chemical un- 
saturation relative to the atoms in the regular lattice of the crystal 
granule. The proixirties of the contact agent are to l>e ditTerentiated 
from the bulk proix?rties of the substance of which the catalyst is com- 
posed; it is rather the properties of the individual atoms or molecules 
of the catalyst with the changes in these projK^rties induced by j)osition 
and arrangement in the catalyst particle, which are of imjxirtance in 
catalytic change. Colloid chemistry is concerned with all such prop- 
erties of atoms and molecules deiermined by jK)sition and configuration 
and it is thus that catalytic action may be regarded as a branch of 
colloid chemistry. Whereas, however, the profierties of such atoms 
and molecules are themselves a sufficient object of colloid study, these 
surface units are of imixjrtance in catalysis only in so far as they 
affect reactants coming into contact with them. 

The object of the i)resent communication is to re-examine the prop- 
erties of the surface as revealed by catalytic study, in order the better 
to emphasize colloid chemical problems which they illuminate, rather 
than to elucidate what, in the last analy.ds, must be the central problem 
of the study of contact catalysis, namely, the nature of the activation 
induced in the reactants by associxition with the activating centers of 
the surface. This latter problem will be dealt with in detail elsewhere, 
and in this place only to the extent that it suggests new points of view 
and new problems to the ccdloid chemist. 

In the development of the theory of the catalytic surface, the writer 
has already ix)inted out that activity due to |xjsiiion and arrangement 

^ 3r4 imd 4tb Reports, Committee on Contact Catalysis. /. Pkyi. Chem., 26, 098 (1024): 
80, 145 (1026). Constable, Proc. Roy. Soc., 110 A, 283 (1926). 

^ Lo€. cit.f 4tb Report, 
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. of atoms requires, as a consequence, that matter in the finely divided* 
condition shall have properties divergent from those of coarsely crys- 
, talline material or of atoms'in the plane surface of a crystal. A greater 
solubility of finely divided materials, a higher heat of reaction with a 
given reagent, a lesser heat of vaporization, abnormal electrode poten- 
tials, abnormally high dissociation pressures of molecular species, per- 
haps, also, a higher velocity of reaction with various reagents, and 
even a shift of equilibrium may be anticipated. 

The greater solubility of finely divided particles is well-known. On 
the present basis of interpretation it arises from a greater proportion 
of corners, edges, isolated atoms or ions in the fine as opi3osed to the 
coarse -material, d'he greater attractive forces operative at corners and 
edges revealed in studies of condensation of solid mercury from th^ 
vapor ^ suggests, also, greater attractive forces between solid and 
solvent at such positions in the crystal and, hence, the observed higher 
solubility. Since the closeness of packing of atoms in the crystal face 
• also inliuences the strength of the attractive forces in those faces — a 
phenomenon demonstrable by preferential adsorption on certain faces * 

— one might also exjxict to find a different solubility of different crystal 
faces. This has been often suggested but as often denied, quite 
recently by Valeton.^ Differences between the solubilities of the vari- 
ous faces ought to be most marked in those cases where preferential ' 
adsorption is most readily demonstrable. Further experiment might 
reveal such differences. It should also be manifest with crystals whose 
habit is the formation of plates since this indicates growth in two 
dimensions greatly in excess of that in the third dimension. 

The recent exi)erimcnts of Dundon and Mack ^ on the increased 
solubility of fine calcium sulfate dihydrate, first studied by Hulett,® 
lead to the conclusion that a part of the enhanced solubility is due tb 
a dehydration consequent on grinding, the anhydrous calcium sulfate 
having a higher solubility than the dihydrate,® the anhydrous salt at 
25° C. being the unstable phase. The ease with which water is lost 
from such crystals suggests that differences in dissociation pressures 
of finely divided and coarse crystals of the dihydrate might be demon- . 
strable. The cause of the loss of water on grinding is also of interest., 
Dundon and Mack show that the dihydrate loses water on grinding in 
an atmosphere saturated with water vapor at 25° C. This corresponds 
to a dissociation pressure greater than 23 mm. The dissociation pres- 

loa 5, 31, ISS (1921); 7, 1 (I92I); Z. physHt. Chtm., 

•Marc and co-workers, Z. physik. Chem,, 61, 385 (1008); 67. 470 (1909): 66 104 
(1909); 7S, 686 (1910). i 

•Curie, ButL Soc. min dr France. 8, 146 (1885). 

> *Phytik. Z.. 21. 606 (1920). 

W. Am, Chtm. Soc„ 46. 2479 (1926). 

•Z. physik, Chcm,, .37, 886 (1901); 47, 857 (l904). 

• Hillcbrand, /. Am. Ckem. Soc„ 30, 1120 (1908). 
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sure of the system CaS04.2H,0 — CaSO*. l/2HaO is recorded i% 
Latidolt Bonistein’s Tables as 9.1 mm. at 25*^ C., but rising? very steejily 
"'with temperatufe .so that the loss nii^ht jKtssibly be due entirely to a 
temperature effect in grinding. 

A higher heat of solution of tinely divided particles is a conse- 
quence of the higher solubility in the case of .salts of low solubility 
where the solubility may. with sufticient accuracy, be assumed to be 
proportional to the heat of solution. There do not appear to be any 
direct ex|)erimental determinations of this increased heat of solution, 
but two examples of increased heat of reaction of fine particles arc 
known to the writer. Backstrom, in some unpublished calorimetric 
work, has shown that finely ground Iceland spar has a higher heat of 
reaction than the coarsely crystalline material. Ray found a similar 
effect with finely ground (juartz when dissolved in hydrolluoric acid. 
The same cause may he resjxmsihle for the consistently higher heat 
of combustion of charcoal as opixxsed to graphite. 'Fhe abnormally 
high value of 224, (XX) calories found for the interaction of oxygen at 
very low j)ressures and high tem{)eratures with charcoal,** as comjmred 
with the normal heat of combustion of 94,()(X)-97,()()0 calorics has also 
been cited in this regard. Attention should Ijc directed to the fact 
tliat this very abnormal result with carbon cannot be expected to be 
often {xiralleled with other reactions. The large divergence arises 
from the abnormal stability of the* G-C linkage involving a very con- 
siderable heat absorption. The heat of oxidation of isolated copper 
atoms to form coi)i>er oxide could not be expected to differ from the 
normal accepted value for bulk copper by as much a.s the licat of 
vaporization of copper, which is of the order of 60,(X)0 calories. A 
promising field for investigations of abnormal thermal magnitudes is 
probably with promoted catalysts since, as recent studies have shown,** ^ 
one function of the promoter is to decrease the size of the crystal 
aggregates. 

The thermal, sensitivity of metal catalysts, the marked loss of 
catalytic activity and of adsorptive capacity on heating, the di.spro- 
portionately large decrease in adsorptive capacity of the more diffi- 
cultly adsorbed gases are all contributory lines of evidence to the 
view that in a catalyst surface there are atoms more loosely bound 
thtin the normal surface atoms of a cry. stab Such atoms should have 
lesser heats of vaporization than normal surface atoms. There is, 
as yet, no direct experimental evidence in this direction. The beau- 
tiful experiments of Kiiudsen,** Wood,** I^angmuir and Volmer and 


^Proe. Hoy. Soc., lOlA. 60» (1922). 

M Garner and Blench, /. Chem, Svc., 1*5. 1288 (1924). 

“ Wyckoff and Crittenden, J. Am. Chrm. So<., 47, 2865 (1926). 
*»Ann. Pkyt, 60, 472 (1916), 

^*Phii. M«g.. S2. 865 (1916). 

Rev., *. 149 (1916). 
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Estermann,’® on the condensation of metallic films on clear glass sur- 
faces from unidirectional atomic streams of the gaseous metals, enable 
one, however, to obtain j-ome evidence confirmatory of the view de- 
duced from catalytic studies. The condensation experiments show 
that there is a critical temperature above which re-evaporation of the 
condensing atoms from the glass is so rapid that there is not time 
for other atoms to be condensed alongside to an extent sufficient 
to form, a film which grows. The critical temperature will naturally 
vary with the metal gas pressure or the intensity of the atom stream 
and its temperature. Estermann has recently investigated these 
two influences and has found that the critical temperature of the re- 
ceiving glass surface, in the case of cadmium and glass, can be varied 
between —50° and — 110® C, by variation in the concentration 
of the gas stream but not by varying its temi)erature. The critical 
temperature is naturally also dependent on the nature of the surface 
on which condensation occurs ; it is lower for glass than for silver 
in the case of cadmium, h'or the critical tem|)erature, the vapor 
pressure of the film of metal may be substituted and measured in 
its dei^endence on temperature. In this way Estermann showed that 
it is about 10’^ times greater than the vaix)r pressure of the solid 
metals at the same temperature, b'rom the deix?ndence on temperature 
of the vapor pressures of these films, which may also be regarded 
as adsorptive pressures of the substance on the receiving surface, one 
(an calculate the heats of adsorption or the heats of evaj)oration of 
the film layer, using the Clausius equation, b'.stermann thus calculates 
a value of 3500 calories per mol for cadmium on glass, 3000 calories 
IKT mol for cadmium on cop])er, 5000 calories ])er mol for cadmium 
on silver. These heats of vaix)rization arc a])proximately % to Vt 
of the heat of vaixirization of solid metals ((M = 26,0(X) calories per 
mol), and can undoubtedly be equated to the heat of dissociation of 
a single atom-atom linkage. The first nuclei in the condensation priKcss 
are such di-atomic aggregates.^® 

The .same considerations shcnild apply to compound substances 
undergoing dis.'^ociation. The diss(Kiation pressures of abnormally 
situated molecules should be high and the consequent thermal data 
low. I have already indicated two sets of evidence of this kind with 
manganese dioxide and with mixed oxides.^® 

The varying electrometric characteristics o( electrode materials 
may also be used as evidence of the influence of particle size on the 
thermodynamic proj^erties of the |xirticle. Thu«, Webb ascribes 


**Z. Physik.. 7, la (1921). 

»»Z. Eltktrochem., 31. 441 (1925). 

Frenkel Z Physik , 26, 117 (1924). 

Whiteseil anU Fraser J /tm. Chem, Soc., 45, 2841 
“Kendall and Fuchs, ibid, 43, 2017 (1921). 

**y. phys. Chnn., 29. 816 (1925). 
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higher entropies to electrolytic silver chloride and silver iodide as com- 
pared with the preci[)itated varieties and suggests that the very finely 
crystalline electrolytic variety is a closer ai)proach to the amorphous 
condition. Cold drawn metals are anodes to annealed electrodes of 
the same material in a solution of the metal .‘‘ult. This also is in 
harmony with the conclusions concerning the intluence of line crystals. 

We may anticipate aKo that in cases where we are dealing with 
surface atoms of abmn*mal activity the ordinary e(]uilihnum data may 
not ai)ply. This seems to have been realized ex|)erimentally in one 
case recently reported by Pease and C'ook.‘“ In studying the equi- 
librium in the system 

XiO + II, Ni -f 11,0. 

attained from both sides, the autla^rs call special attention to ‘'the 
observations whidi indicate that excessively high yields of gaseous 
products are obtained in the early stages of both reduction and oxida- 
tion.” As the aullun'^ ]>oint out. “the results are to be extKVted if the 
free energies of formation <»f thin films of oxide on metal and of 
metal on oxide are higher than those of the oxide and metal, rc.sjxjc- 
tively, in the massise stale.” Now, this is exactly the conclusion 
which Pstermaiin reai lies in the woik cited above, since the free 
energy of the film is directly ]>ro|H)rtioiial to its vapor pres.surc or 
adsort>tion pressure on the underlying surface. ICxpresscd otherwise, 
the free energy of formation of nickel and water is greater for a 
.system of i.solated nickel oxide molecules on nickel surfaces than it is 
for a plane surface of nickel oxide. 'I'his point of view also explains 
the abnormal sensitivit) of catal\sts to poisini'* in reactions in which 
only .small fractions of the surface are active. We may illustrate this in 
connection with the jMiisoning of acti\e nickel catalysts for hydro- 
genation processes b\ small amounts of hydrogen sulfide. The con- 
centrations of hydiogen sulfide which suPfice to suppress gaseous hydro- 
genations, difiicuitly acbie\ed, arc far less than w«mld be calculated as 
j>erniissible from the eijuibbrium process 

Xi + H,S Ni.S + H,. 

From a knowledge of the ]K;rnnssiblc u])i)cr limit of hydrogen sul- 
fide, the equilibrium constant plF,S/pfl.> thus obtained can be used to 
deduce the heat of the reaction and hence the heat of formation of 
the nickel sulfide involved. In this manner the writer and his for- 
mer student, Dr. J. S. Heekley. demonstrated that the thermal mag- 
nitude thus obtained wa.s markedly higher than the accepted value 
for ma.'^sive nickel sulfide, a conclusion identical with that of Pease 
and Cook for the nickel-steam system. 

Am. Chem. Soc., 48 , 1199 ( 1936 ). 
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Mechanism of Activation and the Nature of the Catalyst Surface: 

The problem of the mechanism of activation of reactants, at a 
catalytic surface may also be suggestive as to the nature of the 
catalyst surface. Researches on alternative modes of reaction (e.g.; 
decomp(Jsition) of adsorbed reactants indicate that two or more modes 
ef reaction may Ije secured. Thus, formic acid may decompose to 
yield carbon monoxide and water or, alternatively, carbon dioxide and 
hydrogen. 

HCOOH = H,0 + CO 
HCOOH = H2 + CO 2 . 

Straight chain alcohols may yield olefine and water or aldehyde and 
hydrogen. 

CH3CH..OH ?:± CHaCHO + H2 
CH.CILOH CH., = CH2 + H2O. 

In a paper to the First National Colloid Symjxisiuni I suggested that, 
in the case of such organic molecules, the nature of the decomposi- 
tion products must be determined by the nature of the changes in con-. ^ 
figuration caused by the attachment of the reactant to the catalyst. I 
illustrated the varuition which such attachment might cause by the 
example of the varying influence of substitution of a — Cl or — NH 2 
grouping on the acidic hydrogen of acetic acid, resulting, resj^ectively, 
in a weaker and a stronger attachment of the hydrogen ion to the 
organic anion. I postulated that, dependent on the mode of attach- 
ment to the catalyst, the hydrogen atoms in formic acid might be 
given greater atomic freedom — leading ,to dehydrogenation — or less 
freedom and therefore jn-oducing a dehydration split. It is now possible 
to re.ojien this matter and to give to it a greater precision. 

In the Fourth Report of the Committee on Contact Catalysis, I 
took occasion to jxiint out that there was strong evidence from the 
data of Adkins and his co-workers that possible contamination of oxide 
catalysts with alkaline or salt poisons might explain some of the data 
on alternative decomix)sition. Alkali poisons seemed to favor de- 
hydrogenation in a titania catalyst essentially dehydrating in. char- 
acteristics. The converse of this would mean that acidic poisons might 
alter the characteristics of a dehydrogenation catalyst towards the 
dehydration side. T also pointed out that Bischoff and Adkins had 
themselves exi)erimentally demonstrated that both ammonia and water 
were capable of altering the ratio of dehydration to dehydrogenation 
products in decompositions of alcohols at titania surfaces. Further- 
more, Adkins and Nissen had shown that in the decomposition of 
formic acid the percentage of water in the acid might either increase 
or decrease the ratio of dehydration to dehydrogenation. 

Am. Ch<m. Soc., 46, 811 (1928). 
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Oxides as Dual Catalysts: 

It is significant that, in the case of formic acid <lecomix)sition, in 
presence of fnetal catalysts the reaction products ar^ exclusively those 
of dehydrogenation, hydrogen and carbon dioxide, irresi)ective of the 
metal. With oxide catalysts, on the other hand, the products may 
be dehydrogenation as, for examine, with zinc oxide, or mainly de* 

‘ hydration as, for example, with aluminium oxide. To what can this 
variation be attributed, A metal surface is composed of metal ions 
and electrons, an oxide surface of metal ions and oxide ions. The 
conclusion seems inevitable that, on the metal ion ({Xisitively charged) 
the dehydrogenation process occurs, whilst on the oxide ion, dehydra* 
tion occurs. Attaclmient to the ix)sitive ion lias the effect of giving 
the hydrogen atoms in the formic acid molecule greater freedom, in 
agreement with the observation made above that substitution by an 
electronegative substituent such as chlorine causes the hydrogen ion 
to haye greater freedom. The negative oxide ion causes the hydrogen 
atoms to be more firmly attached and so the dehydration split is 
favored. On this basis, an oxide catalyst surface is to be regarded as 
composed, not of a single catalyst, but of two catalysts, metal tons 
and oxide ions and the nature of the changes mduced in the adsorbed 
reactant is detet^fnined by the charge of the ion on which the reactant 
molecule is adsorbed. The extent of the tioo alternative changes tuill 
be determifwd by the relative extent of adsorption of reactant on the 
two tons, on the relative frequency of the tzoo ions in the surface and 
xfn their specific individual caialytic activities. These several factors , 
extent of adsorption, frequency of ions in the surfiice and catalytU 
activity will be determined by the degree of saturation of the lattice 
ions (i.e., catalyst structure) and by the extent to which th^ i<ms are 
already covered by poisons (salts, ammonia, water, etc.). This con- 
clusion is in good accord with the data of colloid chemistry. It is of 
inestimable advantage in catalytic study since it jiermits a forecast of 
catalytic phenomena. Let us examine firstly the case of salt poiwns. 

Salt Poisons: The colloid chemist regards a silver halide colloid 
particle surface as composed of an alternation of silver and halide 
ions. Adsorption of electrolytes on yuch a surface is akin to the 
process of crystal formation. On the silver ions negatively charged 
dons are adsorbed. On the halide ions, positive ions are adsorbed. 
The adsorption of ions is frequently unequal so that the particle ac- 
quires a charge. Common ions are markedly adsorbed so that in 
Elutions of silver salts the particle becomes positively charged. In 
solutions containing the halide ion it acquires a negative charge. 

’ Transferring this process to the case of a catalytic oxide, for 
examine, magnesium oxide, we can predict that magnesium sulfate will 
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be adsorbed. An atomic examination of the surface would now re- 
veal as many magnesium ions as before adsorption, the adsorbed mag- 
nesium ions covering an equal number of oxide ions. Covering mag- 
nesium ions there will be adsorbed sulfate ions. The net result will 
be that the surface now contains as many magnesium ions as previously, 
fewer oxide ions and sulfate ions equivalent in number to tlhe oxide 
ion decrease. We now have a surface containing three catalytic 
agents each with its own si^ecific attractive force for the reactant, 
each with its own specific influence on the adsorbed reactant. Can 
tlic result be predicted? It can, for there are available data which 
demonstrate the efficiency of sulfate ions relative to oxide ions and 
these are the only variables resulting from the adsorption of mag- 
nesium sulfate. Magnesia is listed by Sabatier as a 100 per cent 
dehydrogenation catalyst for alcohols, whereas niagnesium sulfate is 
also cited by the same author as an efficient dehydration catalyst 
for glycerol. The same is true also in the case of zinc. It has 
been shown by llrus,-’^ in the decomposition of alcohols at zinc sul- 
fate and zinc oxide surfaces, that the zinc oxide is predominantly a 
dehydrogenating surface while zinc sulfate although still mainly de- 
hydrogenating is also markedly dehydrating. Ilis experimental figures 
show that, with ethyl alcohol on the two catalysts at 420° C., the 
ixjrcentage yields of ethylene reaction and of hydrogen reaction are 


IVr Cent 1 lu 
Yield 


(a) Zinc oxide 94 

(b) Zinc sulfate 85 


Per Cent Cjl li 
Yield 


6 

15 


d'his shows that sulfate ion is more efficiently dehydrating than is 
oxide ion and this coticlusion can be generalized for these two ions 
irresi)ective of the cation present in the surface. The prediction can, 
therefore, be freely made that the presence of sulfate ion, and, for 
similar reasons, the anions of all the oxy-acids will cause an increase 
of dehydration ratio in the case of such predominantly dehydrogena- 
tion catalysts as uranium oxide, molybdenum oxide, ferric oxide and 
vanadium oxide. 

Alkali Poisons: For oxides which are predominantly dehydrating in 
their action as, for exami)le, alumina, titania and silica, we may examine 
the phenomena occurring when an alkali is adsorbed. In a manner sim- 
ilar to the preceding case, adsorption of sodium hydroxide, for example, 
will decrease the aluminium ions, increase the sodium ions, the oxide 
ions remaining the same in number or being replaced by hydroxyl 
ions. The increase of sodium ions has the effect, as the writer 


»* Stbatier-Reid, Section 702. 

*• Sabatier-Rcid, Section 726. 

soc, ckim , 33, 1488 (1928). 



PARTICLE REVEALED BY CATALYTIC STVOIBS V 

pointed out as evident from the researches of Bischoflf and Adkins*^ 
in the case of titania, of converting the reaction from a predominantly 
dehydrating action to a reaction still markedly dehydratifig hut also 
dehydrogenating. From this we conclude that sodium ions are much 
more pronouncedly dehydrogenating than aluminium ions. This con- 
clusion can also be extended to podtive ions of the alkaline earth 
group since Charriuii showed that lime inhibited the dehydrating 
action of alumina. 

Dual Oxide Catalysts in Absence of Salt ami Alkali Poisons: The 
concept of an oxide catalyst as consisting of two catalysis enables 
one to answer a puzzling question rained by .\dkins in his com- 
ments on the projiosal of the writer that |>oisons and iiiisaluiated atoms 
might suffice to explain the many results which Adkijis and his col- 
laborators had obtained. Adkins itupiired what caused the differ- 
ences in catalytic activity of those catalysts that had l)een j>rct>ared 
by hydrolysis of jmxlncts that had been re))eatedly distilled. The 
answer, on the present basis, would Ik* that the method of prepara- 
tion re.sulted in varying ratios of aluminium and oxide ions in the 
surface of the catalysts prepared from the several alkoxidcs. By 
the laws of chance, this ratio would be constant for several prepara- 
tions from the same alkoxide with a given method of preparation, 
but different with a different alkoxide or other raw material as start- 
ing point. As already panted out. the frequency of the ions in the 
surhice will be determined by the catalyst structure and by the extent 
of covering by [)oisons. Since, in the case of distilled products, there 
be no que.stion of salt |X)isons the field of poison is, in this case, 
narrowed down to volatile poisons and, probably, only water and 
alcohol. The concetit differs from that of Adkins in that the ratio 
of positive and negative ions in the catalyst surface is the important 
factor, not the atom “spacing.*' 

The concept of two catalyst units in the surface also accounts for 
the observation as to the influence of concentrations of formic acid 
on the ratio of reaction products at various alumina surfaces. Adkins 
and Nissen showed that, as the concentration of formic acid was 
decreased by added water, the influence of the water caui-ed first 
an increase in the dehydrating ratio and then a very jironounced de-** 
crease. Any directional change of a curve showing either a maximum, 
minimum or |>oint of inflexion (in this case, a maximum dehydrating 
ratio at 92 per cent, HCOOH) points to the operation of two in- 
fluences, in this case the competition l>etween water and formic acid 
for position on the two catalytic agents, aluminium and oxide ions. 


Am. Chem .S'oe.. 47. ROT (1085). 
9>Compt. rend.. 180, 813 (1926). 
"4th Report, loc. nt. 

»•/. Am. Ch€m. Sac.. 46, 811 (1933). 
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It is significant, also, that, with a constant formic acid concentration, 
92 per cent, the temperature coefficient of dehydration is greater with 
the catalyst, No. 1, alumina from aluminium amalgam and water which 
has a greater dehydration ratio at every temperature than that of 
catalyst, No. 3, for aluminium isopropoxide. 

Does the concept help to an explanation of why zinc oxide js 
predominantly a dehydrogenation catalyst and aluminium oxide, titania, 
silica,, and thorium oxides are equally predominantly dehydration 
catalysts! It is apparent that, in the latter type, the oxide ions are 
numerically predominant as opposed to zinc oxide where there are 
equal numbers of each ion. Professor Bray has suggested that the 
activity of zinc ions compared with oxide ions is to be associated 
with the well-known capacity of zinc ion to add to itself, forming 
complex ions, indicating a stronger adsorptive capacity of the positive 
ion. Some such assumption would also be necessary to account for 
the case of chromium oxide which is more pronouncedly dehydrogenat- 
ing than alumina although the numerical ratio of ions is the same. 
The characteristics of the individual ions must be, however, the pre- 
dominant factors, since, with the oxides of uranium and molybdenum 
dehydrogenation is the predominant characteristic, although the oxide 
ions are more numerous. 

It is very evident that there are problems, and to spare, in the 
more difficult field of contact catalysis at ionic surfaces. They de- 
mand for their solution the thought and co-operation of those inter-‘ 
ested in the colloid aspects as well as those whose primary interest 
is the catalytic processes which may thereby be achieved. 

Princeton University, 

Princeton, N. J. 



THE WATIlR equilibrium 


By Wilder 1). Bancroft 

Gelatine is peptized by ix)tassium iodide solutioiT much nujre readily 
than by a potassium chloride solution. It is a typical case of the 
Hofmeistcr series. The most obvious explanation is that the iodine 
ion is adsorbed much more strongly than the chlorine ion, and I 
Have held to that as a working hypothesis for several years. The 
difficulty with it is that nobody has been able to show marked selec- 
tive adsorption of iodine ion, as required by the hypothesis. Since 
jx>tassium iodide is a more effective peptizing agent tlian i>otassium 
chloride both in slightly acid atid in slightly alkaline solution, the 
explanation cannot be right, because there should then be a reversal 
of effect as one changes from jwsitively charged to negatively charged 
gelatine or vice-versa. 

We cannot he dealing with a solvent action of liquefied potassium 
iodide l^ecause the gelatine is peptized and not dissolved. It cannot 
be a peptization by liquefied pota.ssium iodide because that woukLmean 
a selective adsorption of iodide, which we do- not have. We have ap- 
parently excluded all direct action of potassium iodide on gelatine, 
in which case the only remaining possibility is an indirect action of 
potassium iodide on the gelatine. The potassium iodide may modify 
the water in such a way as to make the water more able to peptize 
gelatine at a given temperature. This hypothesis is the more plausible 
because the Hofmeister series crops up in one form or another in a 
large number of cases and the water seems to be the only thing in 
common. It cannot be a question of hydration alone, b^use the 
formiition of hydrates of potassium iodide in solution would decrease 
the amount of free water and would therefore decrease and not in- 
crease the peptizing or liquefying action of the solution on gelatine. 

Liquid water is usually considered to be an associated liquid in 
which we have equilibrium between hydrol (H2O) and other forms, 
say dihydrol trihydrol (H^O),, and polyhydrols (HaO)#. 

For the present it is impossible to differentiate the hydrols to any 
great extent and I am therefore going to consider water temporarily 
as consisting of a mixture of a depolymcrized form which I will call 
hydrol and a polymerized form which I will call polyhydroL We 
know that the equilibrium between the«e two forms may he. displaced 
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by the addition of any other component. If the added component is 
more soluble in polyhydrol than in hydrol, the equilibrium will be 
displaced to the polyhydrol side. There have been quantitative studies 
of this sort of thing with NO^ and N.>0, in different solvents ^ and 
Beckmann ‘ has classified solvents according to their power of poly- 
merizing organic acids. 

It is evident that a i>olynierized form will not necessarily behave 
exactly like a deix)lymcrized form and that therefore hydrol may 
have solvent or ]>eptizing ix)wers which are not identical with those 
of jx)lyhydrol. There is nothing new about this. H. E. Armstrong 
has blamed the physical chemists for decades because they treated 
water sim])ly as water and not as a mixture of substances. Suther- 
land has calculated the amounts and the densities of two forms of 
liquid water under certain conditions. The orthodox explanation for 
the temperature of maximum density of water and the displacement 
of that temjxirature by the addition of salts is the occurrence of two 
forms of liquid water and the displacement of the equilibrium between 
them. In this very case we have a llofmeister series for chloride, 
bromide, and iodide, though there seems to be some difficulty about 
sulfate. Bousfield has laid great stress on the effects due to the 
depolymerization of water, and many other instances could be given. 

All T am trying to do is to show, t>erhaps a little more specifically, 
the great importance of the water erjuilibrium for certain j'jroblems 
which are of great interest to the colloid chemist and to the physical 
chemist. In the particular case of gelatine our hypothesis means that 
one form of water does not jx'ptize gelatine as readily as the other 
form, that potassium iodide displaces the water equilibrium so as 
to produce more of the form which peptizes gelatine readily, and that 
|X)tassium chloride produces a leaser displacement of equilibrium in 
the same direction. There is nothing in the general hypothesis to 
show whether hydrol or ]X)lyhydrol peptizes gelatine more readily. 
Since potassium iodide lowers the tem])erature of the maximum density 
of water and since this lowering is believed to be due to increased 
formation of hydrol, we deduce that addition of potasdum iodide 
causes increased formation of hydrol. If that is the case we ought 
to get an effect similar to that of potassium iodide by increasing the 
amount of hydrol in other ways, say by raising the temperature. As 
we all know, we can liquefy gelatine in hot water. This is of no real 
value as a proof because it is quite ])ossible that we could have lique- 
fied gelatine in hot water even if there had been no displacement of 
the water equilibrium. 

It will be more interesting to consider a case in which the poly- 

'fundall. J. Cknu. ^oc.. 69. 1076 (1891); 07, 794 (1895). 
fkysik Chrth. 8. 437 (1890). 

* Tratit Fara(fa\ Soc., 16, 47 (1919). 
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mertzed form of a liquid is the active substance. PyffJxylin is 
peptized by an ether-alcohol mixture and not by either jmre liquid 
at room temj)eraturc. F.thyl alcohol causes pyroxylin to swell ap- 
preciably while ethyl ether does not. It has been .‘^hown by L-unjje * 
and confirmed by llyron ^ in the Cornell laboratory that tlu* ether 
apparently plays no direct part in the j^eptization of the pyroxylin. 
It must therefore activate the alcohol by increasing or decreasing the 
relative amount of dej)olymerized alcohol. If the depnlymcrized alco- 
hol is the peptizing agent, it should Ije possible to j^eptize pyroxylin 
by alcohol alone at higher tem|X‘ratiires. If the polymerized alcohol 
is the peptizing agent, it should be tx)ssible to |x*ptize pyroxylin by 
alcohol alone at lower temperatures. It has been shown by McICiin* 
and confirmed by Hyrori that there is no appreciable ]le]>tizatinn of 
pyroxylin by alcohol at 140°. It has been shown by Kugelina.ss ’ 
and by McHain, and confirmed by Ilyron, that pyroxylin is |)eptized 
by alcohol at very low temperatures. If the hypothesis is right, a 
colloidal solution prepared at low tem]x.*ratures should become more 
viscous at the temjx*rature ri.ses l)ecause the relative amount of the 
peptizing agent decreases with rising temperature. It has been .shown 
by McBain and confirmed by Byron that a colloidal solution of pyroxy- 
lin in alcohol, which is quite mobile at low temperatures, Ixxomes 
a soft, flowing jelly at room tem|K*rature.s. It has been .shown by 
Byron that this soft flowing mass becomes a stiflF jelly when heated 
well above 100°, and that the tul>e can be turned up.side down with- 
out the contents fb»wing out. 

This is a striking illustralioi] of the elTcct which may be pro- 
duced by a jxilymerization of a licjuid and it opens up a number oi 
new problems, not the least interesting of which is to find out why 
ether increases the degree of ixdynierization of alcohol. For th< 
present, however, I wish to call attention to certain problems whici 
have troubled physical chemists for a generation. The first ol 
these is the dilution law. I cannot guarantee an cxjdanalion of out 
difficulties; but I can suggest a new line of attack. The constancy 
of the dissociation conslant de|>end.s of course on the constancy ol 
the solvent because the dissociation constant is a function of thi 
nature of the solvent. I f the water equilibrium i.s displaced a[>preciabl3 
with increasing concentration of a salt, acid, or ba.^e, the dissociatiof 
constant will also vary. It is im|X)ssiblc to say that the dilutioi 
law will hold for strong electrolytes if we take this factor into account 
but it is unjustifiable to say that It does not hold until we have takei 

•Z. tmgew. Chrm.. 14, 688 (1910). 

' ‘ tbyt- Ckem., 80, 1116 (1926). 

Harvey, and Smith. /. Phyi. Chrm., 80, 812 (1926). 

^ Rtc. froi'. ckim., 41, 751 (1922). 
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this factor into account, and there is very little to be gained by 
devising empirical formulas which ignore this factor. 

There is another case in which [ can be more definite. The neu- 
tral salt effect has been a source of worry for many years and has 
given rise to innumerable i)apers. On adding sodium chloride to a 
hydrcjchloric acid solutinn we should expect a slight forcing back 
of the disscK'iation because we are adding a salt with a common ion. 
What we actually get i^ an increase in the rate of hydrolysis of the 
esters and in the api)arent hydrogen ion concentration as determined 
potentiometrically. We have invented ingenious explanations for this 
neutral salt effect without troubling ourselves to make certain that 
any actual change of hydrogen ion concentration occurs. The first 
thing that strikes me is that our different methods of determining 
hydrogen concentration give us very ditTerent results. Akerlof found 
that four-normal Hxliuin chloride increased the apparent hyflrogen ion 
concentration of the hvdrf)chU)ric acid by about five hundred per cent 
and the rate of inversion by only about one hundred |>er cent. Pre- 
liminary cx|)erimeuts in the Cornell laboratory show a dififerenl rela- 
tion for the inversion of sugar. The freezing-point determinations 
give a third set of values and the conductivity measurements a fourth. 

'Phis makes it probable that there may be errors in some one— and 
perhaps in all — of our methods of determining hydrogen ion concen- 
trations. Let us cou'-ider the potentiometric method first. If we have 
a cell n.;|ciIlCl|cjll(.'l|IL and we eliminate or correct for the ]K)tential 
difiference between the two solutions, the electromotive force as cal- 

RT f P /M 

ciliated bv the Nernst formula will be R — — — log log I 

r \ ‘ Uir, ‘ a-jCoJ 

where a, and a. are the dissociations in the two solutions and con- 
sequently UiCi and (x..Co are equal to (or pro|K)rtional to) p^ and 
res]>ectivcly, the osmotic ]>ressures of the hydrogen ions in the two 
solutions. If the second solution is so dilute that we may consider 
the dissociation as conqxletc, and if the solution ])ressure term, log P, 
does not change with the concentration, the equation becomes 


Z: = 


RT 


C2 


P P] RT 

log log - log . 

ttiCi fo j T ttiCi 


If we determine E, we can solve for a, and that is the Nvay in which 
we ordinarily determine hydrogen ion concentrations in principle, 
though we may actually measure the half -cell against a calomel 
electrode or against a standard hydrogen electrode, adding or sub- 
tracting a suitable constant in each case. If the solution pressure 
varies with the concentration, however, the equation becomes 


•Z. physik, Chetn., 98, 260 (1921). 
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log 


a,r, 



and one cannot calculate the value of o, because there arc tliree (or 
two) unknown quantities in the equation. 

I am not interested for the moment in the question whether the 
so-called solution j)ressure varies encutgh with the concentration to 
make all determinations of hydrogen ion concentrations of doubt- 
ful value. I am interested in the neutral salt elTect because there 
it is not a question of quibbling over trifles. If we start with O.IN 
HCl and a<ld enough sodium chloride -to make the apparent hydro- 
gen ion concentration eijui valent to 0.5N lU l, which can be done 
without trouble, we cannot |)ossib!y be measuring changes in hydro- 
gen ion concentration alone. \o one would consider anything les.s 
than (30 jx?r cent dissociation for 0.1\ ilCl and most jx^ople would 
stand out for at least 8.S |xn* cent dissociation. A 3(X) |Kn* cent 
(lisfociation or higher is (»f course absurd and consc<juently we know 
that we are measuring something other than the change in hydrogen 
ion concentration. Tbt' other variable is. therefore, log I\ the log- 
arithm of the so-called solution pre.ssure. 

It may he well to substitute another phrase fr)r the logarithm of 
the so-called .solution pressure. In the case of a strictly reversible 
electrode we know that the ):xitential dilTerence is ecpial to the difTer- 
ence of the chemical ]>)tentials. 'I'he ch(*mical potential of the metal 
is of course a constant at constant temperature and pressure. We 
may, therefore, write, if we like 


KT 


The chemical f)otential of the ion for which the electrode is reversible 
is composed of two terms, one for the ion at unit concentration and 
one for the concentration. We may write 


RT RT 


The potential difference between the metal and the solution is 


- Jli : 




(log/f — log/f — log/j,). 


If we wTite E' for n — Ji, and log P for log (A/IT) 
back to the Nernst equation 




we come right 
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Since OiCt is equal to (or proportional to) pi, one can be substituted 
for the other. We see, then, that a decrease in E', the single-potential 
difference, may he due to an increase in the osmotic pressure (con- 
centration) of the ion, to a decrease in the solution pressure Pi or to 
some combination of the two. Instead of a decrease in the solution 
pressure of hydrogen we may say that we have an increase, in the 
chemical potential of hydrogen ion. The advantage of this is that 
it enables us to make plausible the relation between the potentiometric 
data and those on the color changes of the indicators. Few people 
would admit that the color change of an indicator depends on the 
solution pressure of hydrogen gas; but few would dare deny that 
it depends on the chemical potential of hydrogen ion. There is all' 
the difference in the world between tweedledum and tweedledee. With 
indicators having a large salt error the color change depends also upon 
another factor which has not yet been determined. 

In the case of the hydrolysis of the esters, the change in the 
solvent will produce an unpredictable change in the reaction velocity 
which need not stand in any necessary relation to the change in the 
apparent concentration of hydrogen ion. 

The present line of thought causes me to criticize the distinctly 
formal treatment of equilibrium by means of the activity concept.® 
“Although we have already seen that the molal free energy makes a 
very satisfactory quantitative measure of the escaping tendency, there 
are certain respects in which this function is awkward. For instance, 
the molal free energy of a gas approaches an infinite negative value, 
as the pressure approaches zero, and we shall see that this kind of 
inconvenience enters even more in the study of the partial molal 
free energy in solutions. For such reasons another scale of measure- ' 
ment of the escaping tendency is sometimes to be preferred, and we 
shall not hesitate to employ, side by side with the molal free energy, 
a second measure of the escaping tendency, which is called the 
fugacity. . . . 

“We may partially define the fugacity /. in terms of the free energy, 
F, through the equation 

F = ETln/ + B, 


where B is defined no further than by the statement that it is a func- 
tion of temperature only, or, in other words, that it is a constant at a 
single temperature.^ 

“If we consider one constituent of a solution at two different 
concentrations, but at the same temperature, and if by some method we 
determine for this constituent AF = f~-f' between these concerttra- 
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tions, then we have also determineth the ratio of the fugacities. For, 
by Equation XVI 1 1-7, 

‘‘Now we often liave occasion to determine and to use such a 
ratio of fugacities when it is imjx)ssihle or inexpedient to determine 
the numerical value of either fugacity ; for example, we may l)e deal- 
ing with an almost involatile substance. It has therefore j)roved 
advantageous to consider, at a given teinj^eraturc, the ratio between 
the fugacity / of a substance in some given state and its fugacity 
in some state which, for tennx)rary convenience, is chosen as a 
standard state. This relative fugacity’* is called the activity and 
denoted by a. Thus in the .standard state the activity is unity, a” = 1, 
while in any other state it is given by the equations, 

0 = ^: I- — F“ = /erino 

where at a given temi)erature, the molal free energy in any state is F, 
and in the standard state F°." 

‘’The mean activity of the ions, a*, divided by the molality of 
the electrolyte, gives a quantity which has been called the thermpdy- 
namic degree of . dissociation, since it may be used to replace the 
degree of dissociation as u.sed in the older formulas. This (juantity 
has also been called the activity coefficient,*’' and, in order to avoid 
any implication as to the molecular sfm'ies which may be present, 
this is the term which we shall ordinarily employ henceforth.*" It 
will be denoted by y” 

The question of activity is given in a condensed and t)erhap8 
more intelligible form by llawson.*^ “Methods for the determina- 
tion of the activities of the comix)nents of a solution — solute, .solvent, 
molecules, and ions — have l)een worked out by (j. N. Lewi.s and his 
collaborators. For a detailed account of these methods reference 
may be made to that extraordinarily intere.sting work by I^wis and 

^^Somedme* called alto the relative activity; for I.ewU first defined the »b*olute »ctivity, 
ai be dinned the fugicity. by reference to the attenuated aateoua atate, ih which the activity 
waa taken at equal to the concentration (Prac. /itn. Acad., 4S. 259 (1907); Z. pkytik. Ch€in>, 
Cl* 131) (1907)). More recently, however, it haa become the general cuatom to uae the 
tenn activity in the acnae of relative activity, or relative fugacity, and it ia in this aenae 
iiMit we ahall uae it henceforth. ... 

**Tbe term activity coefficient haa been uacd in two aenaea, aometimea to mean the ion 
Mkivity divided by the aaaumed ion tnolality, and aometimea to express the ion activity 
wkM by ^ groaa molality of the electrolyte. This latter usage, to which w« shall find 
U desirable to adhere in thermodynamic work it more expreaaiy designated by Brdnsted 
tf* Am., Chfm. Soe.. 42, 701 (1920)) as the stoic kunnrtricai activity coefficient. 

*4 For a weak binary eleetToiyte, when we do not choose to employ the convention that 
4 Ofc we still write y = but we cannot write y = 

****Ann, Reports on the Profreaa of CIbemistry,** 21, 24 (1924). 
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Randall/® in which the authors describe and illustrate many novel 
applications of thermodynamics to chemical problems. The deviation 
of actual from ideal behavior may he conveniently expressed by the 
activity coefficient (u = ratio of activity to concentration), which may 
be defined as the factor by which the concentrations must be multiplied 
in order to make the expressions for mass action and free energy ap- 
plicable to actual as distinguished from ideal solutes. Alternative 
and independent methods of evaluation are shown to afford consistent 
values for the activity coefficient.” 

In other words the activities are the value which one must sub- 
stitute for the concentrations in order to make the formulas fit. This 
means that we give up all attempts either to test or to improve 
our formulas. Lewi^^ implies that his formulas are right because he 
has deduced them thermodynamically and that consequently he is justi- 
fied in changing the facts to fit the formula. 

The i)eople interested in activities do not care whether the addi- 
tion of a neutral salt does or does not change the actual hydrogen ion 
concentration of a solution or not. They are satisfied with their 
formulas and their formulas fit the facts when activities are sub- 
stituted for concentrations, in other words when they make the facts 
fit the formulas. When the history of this ix?riod conies to be written, 
people will probably consider the activity craze as more foolish than 
the phlogiston theory. 

If the addition of a second salt changes the water equilibrium, 
Debye’s very ingenious theory of solubilities becomes a triumph of 
misapplied skill in calculation. 

The general results of this paper are as follows: 

1. The displacement of the water ecjuilibrium is apparently the im- 
jKirtant factor in the jx*ptization of gelatine by potassium iodide 
solutions and in the effect of neutral salts on pH values. 

2. 'rhe pH values, as at present determined, stand in no necessary 
relation to the actual concentrations of hydrogen as ion. 

3. There is no satisfactory evidence as yet that the addition of 
sodium chloride to a dilute hydrochloric acid solution causes any in- 
crease in the actual hydrogen ion concentration. 

4. It is possible that the displacement of the water equilibrium 
is of imix)rtance in causing the variations from the dilution law. 

5. The agreement between the potentiometrically determined pH- 
values and those determined by indicators is not an independent coit- 
firmation, because both depend on the chemical potential of hydrogen, 
ion and not solely on the concentration of hydrogen ion. 


*• “Thermodynatnics and the Free Energy of Chemical Substancea” (1928). 
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6. Since the activities are, by definition, the values which must 
be substituted for the concentrations in order t(i make the formulas 
fit, it is impoisihle to te^t the accuracy of the formulas by mejms of 
the activity determinations' 

Cornell University, 

Ithaca, New York. 



MAKING AND BREAKING EMULSIONS^ 


By WlxEEI.ER P. Davey 

I. Making Emulsions. 

The making of emulsions can be most easily described in terms of a 
definite mechanical i)icture of emulsion structure. It will therefore be 
worth our while to give briefly siicn a picture hefo*'e di.scussing the 
methods of manufacture which have been develoi)ed by. means of that 
picture. 

For the purposes of this discussion an emulsion may be defined aS 
a colloidal disi)ersion of one liquid in a second liquid. Usually one of 
these liquids is water and the other is an oil. The easiest method of 
making such an emulsion permanent is to have at the interface between 
the two phases a monomolecular layer of a third substance. In order 
that such a monomolecular layer may act as an emulsifying agent, not 
only must the substance be able to spread into a monomolecular layer 
on either water or oil, but the orientation of the layer formed on water 
must be opiX)site to that formed on a hydrocarbon oil. The soaps are 
characteristic substances of this sort, for one end of the molecule ends 
in a Cllg group which can be adsorbed on an oil surface, while the other 
end is a CO-(-)M group which can be ad-^.orbed on a water surface. It 
is upon the structure and dimensions of the molecules of the emulsifying 
agent that the important physical properties of the emulsion depend. 

If the molecules of the emulsifying agent are too short,* as in the 
case of sodium acetate, each end finds its effect largely nullified by the 
field from the other end, and the emubion is unstable. It is only when 
the molecules arc long enough for the substance to be properly called 
a ‘"soap” that a stable emulsion is formed. In the case of the oil-in- 
water type of emulsion if the molecules of the emulsifying agent are 
barely long enough to give a ix^rmanent emulsion ( for instance sodium 
laurate) they may be thought of as standing out from the surface of 
the oil droplet like stiff bristles. We may picture the CH3 groups at 
one end of the soap molecule sticking to the CHg groups of the oil 

» Some of the ideas presented in this paper may be found in the published literature, and 
many in various patent disclosures. Still others arc contained in company reports and are 
given here for the first time. It is the purpose of this paper to give a connected weeantfit 
of the theory of making and breaking emulsions in so far as it seems to the writer to have 
a sure foundation. No attempt has been made, however, to give the sources of the various 
items of information. j * i.- j. 

* For the sake of simplicity, the effect of double bonds is neglected in this discussion. 

.^8 
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droj>lets, and the carboxyl groups tying a film of water to the droptet. 
Such a picture shows why two such droplets cannot easily coalcsc^, 
for when they collide the ‘‘contact ’ is only between two water films, 
and the droplets of oil never touch each other. 

If an emulsifying agent is used wdiose molecules are somewhat longer 
(for iilHance sodium stearate) we may picture tfie outer ends of the 
bristles as being so far sei)arated from each other that the adsorbed 
water film is not quite complete. A collision between two i)articfes of 
the disperse phase may therefore result in an interlocking of the bristles, 
thus sticking the droplets together much like two hair hru.shes pressed 
against each other. Such an emulsion will slowly gel on continued 
standing at room tenqierature, hut may 1 h‘ rendered fluid again by 
vigorous stirring or by heating. The elTect of the mechanical stirring 
or of the heating may l>e likened to that of shaking the two hair brushes 
apart. It may be assumed that, if an emulsifying agent with still longer 
molecules is used, the emulsion will gel more quickly and at higher 
tenq^eratures. 

The bri.stle picture ex|)lains. too, why a gel should have a three 
dimensional chain structure. It is helieved that most ordinary emubions 
of the w'atcr-in-oil tyjx* have a gel-like structure, in which bristles of 
the emulsifying agent from one oil droplet tend to interlock with bristles 
from an adjacent oil droplet to give the characteristic stiff structure 
of the oil phase of such emulsions. 'Fhe wMter phase is supix)scd to 
be held in the interstices between the chains of oil droplets by the 
remaining free bristles. 

It is at once evident that water-in-oil emulsions can be made in 
any one of four ways, — (1) an emulsifying agent may be used whose 
molecules are so long that they cannot disentangle themselves easily 
at ordinary temjxTatures, (2) an emulsifying agent can l)e used whose 
adsorptive ixiwer for water is weak, (3) an emulsifyittg agent may be 
used such as a soa]) containing a ixdyvalent metal, in which the area 
covered by the CHa groui>s may be as.sumed to lx* considerably greater 
than that covered by the carboxyl groui>s tied to the ]X)lyvalent metal, 
(4) the proix)rtion of water to oil may he so low that the oil droplets' 
are compelled to come in contact with each other irrei*i)ective of the 
properties of the emulsifying agent. Further comment on the first 
and third methods is obviously unnecessary. The second method is con- 
sidered to be the one employed when the emulsifying agent is an org'anic 
acid, such as oleic acid. The fourth method is always found at one stage 
in the commercial manufacture of oil-in-water emulsions. 

Oil-in-water emulsions can be made either with the aid of mechani- 
cal agitation or by so adjusting the physical conditions that the emulsifi- 
cation is spontaneous. The first requisite to spontaneous emulsification 
IS that the agent be pretty uniformly di.sper.scd in the oily material which 



40 


COLLOID SYMPOSIUM MONOGRAPH 


is to become the clisi:)erse phase. The limiting case of this is an or- 
dinary liquid soap, for there every molecule in the disi)erse phase has 
the proi)erties of an emulsifying agent. When an alkali-metal soap is 
to be di^ix^rsed in an oil, preparatory to making an oil-in-water emul- 
sion, advantage is taken of the fact that the carboxyl end of the soap 
molecule attaches itself readily to water, d'he soap is therefore “dis- 
solved” in water and this “solution” is added to the oil. The mixture 
is then heated to drive off water until only enough water is left to act 
as a nucleus at the center of a colloidal droplet of soap. Each droplet 
is to l>e thought of as having a radius only slightly larger than the 
length of soap molecule. Each molecule is ])ictured as being oriented 
so that its carboxyl group is attached to a nucleus of water at the center 
of the dro])let. 'fhe end containing a Cl la group is at the circumference 
of the droplet and is thought of as l)eing attached to the I'il. When 
this condition has been reached, water cati no longer be boiled out so 
eadly as before, and the droplets of alkali-metal soap dis|)ersc spon- 
taneously in the oil. The amount of w'ater remaining in ecjuilibrium in 
the nucleus of the dro])lets of soap is apparently a function of the 
temix'rature to which the mass has been heated. In most of the writer’s 
emulsions (mixtures of oils and asphalts disjx^rsed in water) the dis- 
persion of soap in oil was fairly complete at 175° C. The mass was 
iieated, however, to obtain still more complete dis|)ersion to 250° C. 
with but little further loss of water. The physical structure of the 
soai>-in-oil corresponds to that pictured in ordinary cu[) grease except 
that at the temixratures employed the fluidity is such that a sort of 
creaming seems to occur. 

If, now, boiling water is allowed to come in contact with the surface 
of the oil, a little oil-in-water emulsion is formed spontaneously. The 
action may be greatly speeded up and made more homogeneous by the 
following procedure. 

(1) The soap-in-oil is heated considerably above the temperature 
at which the soap first becomes disjxrsed in the oil. In the writer’s 
exixriments the teinjHMature reached was 250° C. This insures the 
maximum dispersion of soap and therefore the minimum vi^cosity at 
the lower tem|>eratures used at a later stage in the process. 

(2) Boiling water (so as to have a minimum local cooling effect) 
is added slowly to the soap-in-oil while it is still quite hot (in the writer’s 
exixriments, 200° C.). Stirring by paddles, or by a dough mixer, 
presents a larger surface for the action of the water, and tends to keep 
the concentration of water more uniform throughout the whole mass. 
As the temperature of the soap-in-oil falls, and more and more water 
is added, the amount of water in equilibrium in the center of the soap 
droplets becomes greater and g^'cater (phenomenon of “swelling”) until 
finally the threshold of emulsification of oil-in-water is reached for 
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the temperature employed. The striKture is. by this time, to be pic- 
tured as a collection of oil droplets each of which is surrounded by 
bristles of soap which interlock from droplet to droplet to j(ive a net- 
work of oil. The water jdiase is thought of as forming a network in 
the interstices between the chains (»f oil droplets. 

(3) The addition f)f more water produces a definite oil in-water 
emulsion if only the temperature is hi.i,di enouf^h to shake the oil droplets 
apart, l^y continuin}^^ the addition of water a dilution is finally reached 
which w'ill not ^^el al)o\e the free/Jnj; point provided that the soap 
molecules are not too lun^. 

It has therefore been found ])ossil)le in terms of a definite picture 
of eniul.sion structure to work i»ut a meth<Kl of making oil emulsify 
spontaneously in water without the customary vij^orous mechanical 
agitation. The method is free from the necessity of close technical 
supervision, and is in successful regular factory use iimler ordinary 
factory conditions, 'fhe customary factor) batch is 275 gallons. It 
may be of interest to note that not a single factory batch made by this 
method in over seven years has failed to emulsify satisfactorily. It is 
recognized that the picture on which the method is founded is largely 
qualitative. Its justification lies in the degree to wdiich it correlates 
known facts and in the end results which it has produced. It is hoped 
at a later date to make this picture quantitative by means of a new 
method for measuring directly the dimensions of colloidal particles, 
but a discuj'sion of this would be premature at jiresent. 


II. Breaking Emulsions. 

Breaking an emulsion is defined as the process of causing the dis- 
jx^rse phase to coalesce into a mass which is sub.stantially free from 
the dis|x?r.sion medium. Jt is synonymous with curdling. Brefiking 
may be accomplished by (1) mechanical action, (2) concentration, (3) 
electrorlejwsition, (4) the “hot-dii>,” or (5) cleclrodeposition. 

The churning of cream to butter is the outstanding example of 
breaking an emulsion by mechanical action. The churning is sup|H).scd 
to split ot>en the layer of emulsifying agent (casein) so that the droplets 
of the oil phase are able to coalesce. A somewhat similar action is 
reported in the case of dilute water disj)ersion.s in mineral oil. 

It has already been mentioned tliat oil-in- water emulsions tend to 
gel uixjn concentration. The ultimate limit of this is a breaking of 
the emulsion. It is csj^ecially noticeable during freezing of emulsions 
which have a soap emulsifying agent. The water phase tends to freeze 
as pure ice with tiny inclusions of the oil phase. This concentrates the 
main body of the oil phase so that the droplets are matted together by 
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the entatiglenicnt of the "'bristles’' of soap, thus giving a curd which 
is practically water- free. Such a curd can be re-emulsified in the 
original water by heating to 95° C. The heat motion .seems to shake 
the droplets apart from each other so that each {)ne floats around in 
the water phase r)nce more, indeiHMident of its neighbors. A similar 
curdling action may be obtained by using a high six^ed centrifuge. 

Ji)ach droplet of oil in an oil-in-water emul.sion acts as though it 
carried a charge of negative electricity. This is to be exjx^cted if it is 
once granted that soaps can become ionized in water, for each organic 
chain of the .^oap which is attached to an oil droidet would be a negative 
ion. If D.C. electrotles are inserted in an oil-in-water emulsion it is 
found that the droplets of oil migrate to the |)ositively charged electrode. 
If they have a siifliciently high viscosity they will stick to each other 
and to the electrode, forming a tough sjxingy coat which holds some 
of the original emulsion in its pores, b'rom one j)oint of view, this 
coat may be considered to be a ^l>ecial case of breaking by concentra- 
tion^ the electric field being a method of causing the concentration. 
This vicwt>oint is strengthened by the fact that, if such a de|x)sit is 
placed in boiling water Ixdore it has become still more concentrated 
by the drying of the occluded ixirtion, most of it will wash off to give 
an oil-in-water emulsion. However, this can hardly be assumed to 
be a complete j)icturt', for that portion of the coat nearest the electrode 
does not wadi off so easily, .showing that the charge on the electrode 
has altered the structure of that i>ortioii of the coat. 'J'he electro- 
deposition of the oil phase from an oil-in-water emulsion seems to 
follow the ordinary laws of electrolysis m that the cjuantity of the 
de^xisit is proportional to the total (piantity of electric charge employed. 
The process diflfers from metallic electroplating not only in the reversed 
signs of the electrodes but also in that it may be carried out successfully 
at any ordinary voltage. 'I'he writer uses voltages from 2S V. to 250 V. 
Since the coating of “oil" has insulating proi>erties, there is a polariza- 
tion effect which tends to limit the thickness of coat for any particular 
voltage. 

It is found that if a den.se substance such as a sheet of metal or a 
piece of electrical porcelain is heated to about 250° C. and suddenly 
plunged into an oil-in-water emulsion, it becomes coated with a layer 
of the oil-pha.se. Several theories have been proposed to account for 
this effect, but none have Ix'en completely satisfactory. The most 
satisfactory theory is that the hot substance raises the emulsion to the 
l)oiling ix)int in the immediate neighborhood of that substance and that 
the oil phase then separates out by concentration in the form of a 
closely fitting bag. 

We have seen that the picture of negatively charged droplets of oil 
in a soap-stabilized oil-in-water emulsion is consistent with the widely 
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accepted picture pf ionization of ?oap-niolecules. The addition of a 
Ismail amount of alkali has but little effect, but an excess will (to use 
the ion-prodiKt-constant terminology) repress the ionization of the 
soap, and should therefore reduce the attraction between the carboxyl 
group and the water. Tliis makes it |X)ssible for the soap films of the 
droplets to become meshed together upoii collision. A salt of an alkali 
metal has a similar, but very much stronger action. 'Phe addition of 
acid to a soa|>stabiIized emulsion changes the monomolecular soap 
films around the droplets from negative ions to neutral organic acid 
molecules. This in turn reduces the attraction between the emulsifying 
agent and the water, thus permitting coagulation of the <lis|K‘rse phase. 
A salt of a ix)lyvalent metal forms a so-called “metal soai).“ thus caus- 
ing coagulation just as before. A somewdiat similar picture may be 
made of casein-stabilized emulsions and emulsions with other amphoteric 
emulsifying agents when brought near their isoelectric ix)int. In such 
cases, the changes to he made in the detailed pictures given above are 
obvious. 

From the foregoing, it is evident that the same jdausible picture 
of emulsion structure given at the beginning of this paper gives a 
rational explanation not only of the methods of making emulsions, but 
also of the methods of breaking them. 

Research Laboratory, 

General Electric Comixiny, 

Schenectady, Xew York. 



l*:Ml’LSJFICA'rf()N: I. A STUDY OF OIL SOLUBLE 
FMUr.SIFYTNC; AGENTS 

liv liRIAN MkM» \M) |(-I!N T. McCoV 


Introduction : 

It is generally accepted that inter facial tension lowering and emulsi- 
fication j)ower are very closely related. Some go so far as to say that 
inter/acial tension lowering is the controlling factor in emulsification.^ 
This much is certain, that those suhstances which lower the surface 
tension of water do aho act as emtilsifying agents for oil in water. 
'I'he mechanism hy which th(‘ slahilization (Hvurs has been variously ex- 
phiined. 'rims Bancroft ' has iK)stulaled a film of molecules of emulsi- 
fying agents anjiind the globules of dispersed ])hase. I'his film may 
be considered as being held in |M)sition by the forces of adsorption. 
By lowering the surface tension on the water side of the interface, the 
fiFm is so curved that it eventually actually encloses a drop of oil 
and prevents its coalescence with another similarly enchased drop. 

'riie oriented wedge 1'heory of Langmuir-ITarkins ‘ is of a different 
type altogether. It has as its main jio^tulate the polar nature of the 
substance which acts as vmulsifying agent, 'bhis resiillv in one part 
of the molecule being strongly attracted by, and imbedded in, the water, 
while another is etjually strongly held in the oil phase. This results 
in an extremely strong bond between the two phases. 

Tt has long been recc^gnized that oil-water emuLions may be of two 
tyiK's: First, tho^e in which the oil is dis|K*rsed in a continuous 
medium of water and the .second with these jdiase relations reversed. 
In either case it is necessary, in order that a stable emulsion may re- 
sult, that there be a suitable emulsifying agent dissolved or dispersed 
in the continuous medium. ( )f such agents which stabilize the oil-in- 
water type of emulsion the most prominent exani])les are the water- 
soluble soaps. It is possible also to use a number of insoluble finely 
divided solids ^ which are relatively more readily wet by water than 
they are by oil. to achieve the .same end. Such powdered materials 
will concentrate at the interface between the oil and the water, and 

Mliltycr, J. .Im. C/ntn. Sor . 25, 513 (1903); White and Mardcn, J. Phys. Chem. 24 
017 (1920). 

•“Applied ('ol1cnd Chciiiistry,” 201 (1^21). 

• Harkins. Rogne’s “C’ollotdal Behavior,” 142-210 (1924). 

* Briggs, JnJ. hng. Chem , 13, 1008 (1921); Pickering, J. Chem, Soc,, 91, 2002 (1902): 
Schlaepfer, /. Chem. Soc., 113, 522 (1918). 
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SO will stabilize the oil drops jn the water. These powders, however, 
do not have any effect on surface tension. 

On the other hand, soaps of the ix)lyvalcnt metals will dissolve mofe 
or less readily in the oil phase and not at all in water. 'Fhev stabilize 
the opposite t\pe of emubion. in which the water is dispersed in oil. 

A great deal of work has been done in the past on the determination 
of the cinuKif^ing tendencies and characteristics of the water soluble 
emulsifiers, and we are now in a iK)sition to draw some conclusions 
as to the manner in which they act. W’hilst the emulsions resulting 
from the use of such materials are of considerable importance in 
pharmacy, it is with walcr-in-oil emulsions, their stability and res<du- 
tion, that oil technologists are primarily concerned. It is this ty|)e of 
emuhsion which confront^ them in the oil fields and to which they have 
to devote so large an amount of tliought and energy. Man)' of the 
chemical, mechanical, and electrical methods which are actually utilized 
for the breaking of such emulsions are the result of empirical niethod.s 
which have little or n(» scientific basis It is known that certain methods 
ha\e been .successful in dealing with einnlsion.s from ^ixrific localities 
whilst they are cjuile useless for emulsions coming from a different 
source. 

C'onsidering, for example, the well known d'ret-o-lite method of 
I)reaking crude emulsions, 'fret o-Iite, a patented comj>ound. contains 

Sufliiim olcMtc . . .... K.3.0';.r 

.Sfiilnitn rcsinatc . . . . . .S 5 

.Sodium .silicate .. 5 0 

Phenol 4 0 

Paraffin ... 1.5 

W'atcr 1.0 

.Sodium oleate is jiartlv soluble in oib, aiul \et it is not this solu- 
bility alone which is the cause of the breaking of the emulsion which 
results when this reagent is agitated with a crude-oil emulsion. .Sodiutn 
{)leate alone will not cause such a .separation. Wdiat happen.s in such 
cases is that the nidiuin oleate will emulsify drops of oil in the water 
phase, these oil drops tliemsel\e‘- having water emulsified in them. If 
.such a complex emulsion he now treated with any of the salting-out 
agents (any acid or a salt of a monovalent metal) the oil-in-water 
emulsion is broken hut there •'till remains a great deal of water emulsi- 
fied in the oil which .so resulis. W e can. however, by the addition of 
idienol to the sodium oleate in the ])ro])ortions required by the tret-o-lite 
fornuila, cau.se an actual breaking of the water-in-oil emulsion, even 
though in this case, too. we may get an intermediate formation of an 
oil-in-water emulsion which it will he necessary to break by the addi- 
tion of a .salting out agent. l»y the use of .•‘uch a mixture it is fx)ssible 

• Mathrws and Crosby, J. Ind Eng. Chent., 13, 1016-16 (1021). 
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to obtain results which are entirely comparable with those obtained by 
using the complete ingredients called for by the tret-o-lite formula, 
so that the* efficiency of the formula would seem to he dependent largely, 
if not entirely, ujK)n the presence of the sodium oleate and the phenol. 
Moreover, it is a comparatively simple matter to get considerably better 
resolution in many cases by the use of " other phenolic substances than 
phenol itself, 'riius, unpublished work in this Laboratory has shown 
conclusively that by the use of poly phenols which are successively more 
and more acidic in character, it is ])ossible to get more and more com- 
plete resolution of the emulsion. 

In view of these considerations it is not unjustifiable to draw the 
conclusion that by the interaction of sodium oleate and e.g. phenol, we 
form sodium pbenolate and oleic acid. This latter is readily soluble 
in such oils as form the basis of the emulsions under consideration, 
('ll! the basis of any of the various theories of emulsification, if we are 
to be able to break an emulsion, we must be able to attack the interface 
between oil and water by the breaking agent we are using. It may 
well be that the function of the oleic acid, formed as has been postu- 
lated, is just to attack the film of whatever emulsifying agent it is which 
is surrounding the particles of dispersed water and stabilizing them. 

Experimental Procedure: 

A modified form of stalagniometer was used for the determination 
of the inter facial tension whicli e.xists between a sample of oil and pure 
water. This consists essentially of a .small pi|>c‘tte, the lower extremity 
of which is .sealed into a capillary tube, the e\jK)sed end of which is 
very carefully ground off to a plane .-nr I ace at right angles to the axis 
of the pijHitte. This grinding is accomjdishcd by imbedding the glass 
tube in Rose metal, grinding it on .succe.‘“.si\ely finer emery wheels and 
subsequently removing the metal by (lipping in hot water. It has been 
shown by previous workers on interfacial tensions that the time of 
formation of drops in such an apparatus very largely controls the size 
of the resultant drop. In view of this, a drop formation time of one 
minute was maintained throughout the exjxrimental work. 'I'lie Lohn- 
stein Harkins correction for the size of the droj) was applied in each 
case." The rate of drop formation was controlled by means of a capil- 
lary tube through wdiich air entered to the top of the liquid in the 
pipette. This gave extremely sensitive and accurate control of the 
time of drop formation. A number of such capillary tubes was pre- 
pared ahead' of time and a suitable one was taken for each set of 
experiments. Extreme precautiems were taken to insure that the ground 

• Lyon, Thrsift, Chrm. Eng , 1923, Mass Inst. Technology. 

^Harkins, /. .4m. CMfm Soc.. 41, 499 (1919). 
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PERCENT OLEIC ACID IN KEROSENE 
Fig. 1. 



PERCENT OLEIC ACID IN KEROSENE 
FlO. 2. 
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glass tip of the capillary wis completely wetted by water before each 
deternimation of the drop number. * 

In order to appreciate and to understand the action of the oleic 
acid, the first and most obvious step was to dissolve some of it in oil 
and to determine the effect which it had on the inter facia! tension 
between oil and water. 

Similar reasoning l)eing equally applicable to the case of sodium 
stearate, since exj>erimerits shovired that it could l)e substituted for 



Fig. 5. 

sodium oleate with satisfactory results, a further set of determinations 
was made as to the influence of stearic acid as the oil-water interfacial 
tension. The results are shown graphically in F'igures 1-5. The curves 
show very clearly that the effect is an ad.sorption phenomenon, the 
Characteristic shape for such curves being obtained in each case. After 
the addition of a comi^arativcly small amount of either acjd to the oil 
in question, the interfacial tension is lowered approximately to the same 
extent as by an addition of 90 per cent of the acid. Such an effect 
can only be caused by an adsorption phenomenon. Two different oils 
were used for this purix)se— kerosene and nujol, and in both cases, 
this type of result is obtained. It is rather interesting to note that 
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oleic acid lowers the interfacial tension very much more than stearic 
add, a result which might be expected In view of the fact that stearic 
acid is the saturated form of oleic acid. At the temperature pf our 
experiments, sodium o/eate is a much more efficient emulsifier than 
sodium stearate. It is interesting also to note that if we plot (as is 
done in Figure 6) ; the percentage lowering of the interfacial tension 
against the jx.Tcent of acid added to oil, we obtain identical curves for 
* the use of one acid on either oil, nujol or kerosene. The same differ- 



NUJOL AND KEROSENE 


Fig. 6. 

ence between the effect of oleic and of stearic acid is, of course, main- 
tained in this case. 

In view of this difference between the effects on interfacial tension 
exhibited by the saturated and unsaturated forms of the same acid jit 
is of interest to speculate on the influence of unsaturated compounds 
in general on the emulsification power of oils and on the interfacial 
tension between such oils and water. Crude oils are known to contain 
unsaturated compounds, and are known to emulsify, in some cases, 
considerable quantities of water, without the addition of any further 
stabilizing agent. Of course, in some cases a contributing, or even 
the controlling, cause of emulsification is the presence of finely divided 
materials which, being preferentially wet by oil, act as emulsifying 
agents for the water with which the oil is in contact underground 
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before it comes to the surface. But even if such finely divided materials 
be removed from the oil there is still a great tendency for emulsification 
to take place. As the oil is progressively freed from unsaturated com- 
ponents in the refining process, it exhibits less and less tendency to 
emulsify water. 

Parsons and Wilson® took amylene as a tv]^ of'the unsaturated 
conij)ound which might weH exist in a crude oil, and they showed that 
amylene .stabilized oiPin-water emulsions, the degree of stabilization 
being roughly proportional to the concentration of added amylene. 



Fig. 7. 


They tested its stabilizing influence by making emulsions containing 
various amounts of it, and determining the equivalent concentration of 
sodium chloride necessary to break the emulsions. It is to be noted 
that in their experiments they first made an emulsion of nujol in 
water by the use of sodium oleate and then added to this emulsion 
amylene in various concentrations. They specifically state tliat the 
amylene, when shaken with water gives a rather unstable emulsion 
(presumably amylene in water). Since the amylene is not appreciably 
water soluble there is, by virtue of the sodium oleate present in the 
system, little or no chance for the amylene to dissolve in the emulsified 
oil drops but it rather remains emulsified in the water. Hence it is 
not present in the system under conditions comparable with those 

•/. ImJ. Eng. Ch<m., 13 , 1113 ( 1931 ). 
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obtaining in industrial practice, in which case it is actually dissolved 

in the oil The increased amounts oi salt which were necessary to 
break emulsions containing amylene may very well have been utilized 
in breaking the amylene emulsions and not the nujol emulsion proper. 

In the experiments reported in this paper the amylene was actually 
dissolvefi in the oil phase-kerosene in this case — and the resultant effect 
on the oil- water inter facial tension determined. The results are given 
in Figure 7 and show once again the same type of adsorption curve 
as was obtained for oleic and stearic acids. The relative effect of 
amylene is, however, considerably smaller than that of either of the* 
two acids, d'here is, moreover, not the same .sudden drop in interfacial 
tension consequent iijm)!! the addition of very small amounts of amylene, 
followed by a Jong |x‘riod when the addition of further amylene has 
no effect on the tension. In this case the effect is progressively greater 
as we approach a solution containing 100 i)er cent amylene and no 
kerosene. 

It^ had been intended to determine the lowering obtained by the use 
of a number of oil soluble (heavy metal) soaps of the interfacial 
tension between oil.s and water, but it was found to be impracticable 
to do so. The main objection to the procedure lay in the fact that 
most of the heavy metal soaps were not readily soluble in oil. do get 
them into solution re(|uired heat and this changed the inter facial tension* 
of the oil itself, again.st water, in a very .erratic manner. Of those 
which required little heating to get solution the results are given for 
zirconium stearate and aluminum stearate. The zirconium stearate 
was preixired by metathesis from zirconium nitrate and sodium oleate. 
The soap was ])recipitated in an extremely finely divided condition, and 
this on vacuum drying caked. It apiK*ared to melt at about 60° C. 
When heated in a platinum crucible and ignited, it continued to burn 
for some time. O.S.VX) gram of the substance yielded 0.1551 gram of 
ignited residue. If the formula Zr(01l)..Stj l>e assumed, this would 
require an ash (ZrOO of 0.148 gram, which checks reasonably with 
that found by exi^riment. 

As will be seen from f igure 8 the amount of lowering pnxluced 
by this substance was not great, d he curve followed the same general 
lines as those for oleic and stearic acids. Apparently in this ca.se maxi- 
mum lowering is produced by as low a concentration as 0.9 per cent. 
With oleic acid this figure was 2 |)er cent and for stearic acid it was 
not determined but was probably in the same range. The maximum 
lowering produced by zirconium stearate was from 51.7 to 44.5 
dynes/cm. or 14 [yer cent. 

Aluminum stearate was prepared by metathesis and precipitated as 
a white ix)wder which was readily dried. It melted at about 120° C. 
and solvated in nujol at about 90° to form, on c(X)ling, a clear solution. 
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It iVas not at all readily soluble in oil and only a few deternli nations 
were niade with it. It did. however. lower the nujol- water interfacial 
tension from 35.5 to 32. J dyne.s/cni at a concentration of 0.217 per 
cent, a lowering of 9.3 i>er cent. 

Magnesium olcatc. made by metathesis, was a horny material 

(probably containing free oleic acid by decom|Hisition of the oleate) 
which ai)])i*ared to melt at 80*^ C\ In the first exjK*riments it solvated 
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in oil at ICX)^ C. to gi\e a clear solution, but later attempts to di.ssolve 
it were unsuccessful, it forming sticky yell<»w aggregate'^. 

Magnesium stearate. Made by metathesis, was a white Huffy 
jx>wder, melting at alnmi 145*^ C, It solvates in nujol at about 120° C. 
to give a clear solution on c(K)ling. 

Aluminum oleate. Was made by metathesis. As made, it was a 
rubl>er-like curd which agglomerated to a sticky plastic ma.'^s (prob- 
ably due to the presence of free oleic acid formed by hydrolysis of the 
oleate). It becomes Huid at 120° C. It solvates in nujol at a tem- 
perature not less than 200° C., U) yield a vi.scous homogeneous mass. 
The cold solution exhibits unusual pro|)erties. When stirred it shows 
the normal elasticity of a gel. ( )ii the other hand it floes flow ex- 




54 


COLLOID SYMPOSIUM MONOGRAPH 


tremely slowly, actin^^ as a liquid of high viscosity. We have here an 
exaggerated example of a colloidal solution which is both fluid and 
elastic. 

Zinc stearate. A white powder, melting at about 140° C. Tt sol- 
vates in oil at about 100° ('. to give a clear solution. On cooling, how- 
ever, turbidity develops, ])recipitation occurring. 

Sodium olcate. In the course of .'■ome work on the emulsification 
])ower of sodium oleatc it was found that this soap, in aqueous solu- 



NUJOL 
Fig. 9. 

tion, deteriorated (“aged”) very markedly. Eventually it was possible 
f<ir a sodium oleate solution actually to give an emulsion of the water- 
in-oil tv'iK', a complete reversal of its normal emulsification tendency. 
It seems jmibable that tins reversal was due to solution in the oil of 
some of the hydrolysis or degradation products of the sodium oleate. 
In other exix'riments it was found that if an emulsion were made with 
sodium oleate as the emulsifying agent, this emulsion being then broken 
by the additiem of sodium chloride, and the whole system allowed to 
stand for a time, some of the soap dissolved in the oil phase. If now 

•Reported at Baltimore Meeting Am. Chem Soc., 1925. 
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the whole system were re-stirred vigorously, an emulsion of the opjx)- 
site tyjx? would result (water in oil). \'ery evidently in this case also 
the sodium oleate wa^^ actinia in a sense opposite to the normal. It is 
to be clearly understood that in neither case was the emulsion as stable 
as the ordinary type of oil-in-water. It could, moreover, be reversed 
by addition of water and agitation. 'I'he re.sults were, how(‘vcr, re- 
producible and unmistakable. 



DAYS or CONTACT Of NUJOL WITH 
O.l/i SODIUM OLEATE 

Ffg. 10 

In view of these experiments a number of determinations were made 
on the effect of sodium oleate, when dis.solved or susj>ended in nujol, 
on the nujol-water interfacial tension. When the soap was just stirred 
into the oil, and allowed to settle before determination of the interfacial 
tension against water, the results were very erratic and incapable of 
analysis. 

However, when the intcrfacial tension was determined while the 
oleate was still in susiKuision in nujol, very good checks were obtain- 
able, and the results obtained arc given in Figure 9. These results are 
not at all com()arable with the lowering which is obtained in the surface 
tension of solutions of ,«odium oleate in water. In .such a case the 
tension would be reduced by the oleate to a value of about 25 dynes/cm 
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for a 0.05 ])er cent solution. Mere contact with a sodium oleate solu- 
tion does not change the inter facial tension of the oil against water to 
the same extent, h'igiire 10 shows the effect given hy contact for a 



USODfUM OLEATE 

Ftc. 11. 



SODIUM OLEATE 

Fig. 12. 

})eriod of time up to 24 days of nujol with 0.1 [)er cent sodium oleate 
solution. It will be seen that in two days the tension changes from 51.5 
to about 45 dynes/cm, thereafter remaining .sensibly constant for 22 
days' further exjKKsure. 





A study of oil soluble ej^ulsifyjng Agenxs s; 

Concerning the aging of the sodium oleatc solutions, as mentioned 
above, a 1 per cent solution if allowed to stand in contact with air will 
actually age so l3adly as to give eventually a water in oil emulsion. The 
results obtained with such a solution are given in h'igure 11. It will 
be seen that in such a case, the tension drops at first, to jiass through 
a minimum, and ultimately rise again. I'he results are not very accu- 
rate, since to measure such extremely low inter facial tensions was 
outside of the province of the apj>aratus used. 

It is interesting to see the etfect on the interfacial tension of a 0.1 
per cent solution of siKlium oleate against nujol, of covering it with 
oil. Figure 12 shows clearly that when the soap solution is covered 
with oil its tension remains constant, whereas when it is freely exjxi^ed 
to air the tension rises steadily for 13 days, thereafter decreasing again. 
This experiment clearly indicates that the mechanism of aging is not 
due to hydrolysis of the .sodiUni oleate hut to the interaction with it 
of some atmospheric constituent. It will he of great interest to hillow 
up this phenomenon more thoroughly. 


Summary. 

1. The effect on the oil-water inter facial tension of .solution of 
oleic and .stearic acids and of amylene in the oil has Ixhmi determined. 

2. A similar determination has been made of the etTect of zirconium 
and aluminum stearates. Other heavy metal soai)S were either iii*- 
soluble in the oil or so increased the viscosity as to render the deter- 
minations inii)ractical)le. 

3. The effect on the oil-water interfacial tension of Mxlium oleate, 
suspended in oil, has l)een determined. 

4. The surface tension of a sodium oleate solution has been meas- 
ured, and the changes with time noted.* 

Department of Chemical Engineering, 

Massachusetts Institute of 'rechnology, 

Cambridge, Mass. 



THE MECHANICS OF ADSORPTION AND OF THE 
SWIHXING OF GELS 


i>Y ClIARLEb TeRZAGHI 

In an attempt to correlate the results of previous investigations con- 
cerning the elastic ex])ansion of coarse grained soils with the results 
of the investigations concerning the swelling of elastic gels, I was 
startled by the close relationship which exists between these two groups 
of ap|xirently very (lifterent phenomena. The following paper repre- 
sents an attempt to explain the causes of this relationship and to corre- 
late them with the current conceptions concerning the nature of the 
adsorption phenomenon. 


Relation Between Swelling Pressure and Vapor Pressure. 


By thermodynamic methods J. K. Katz ‘ has derived, for the swelling 
pressure F the formula 


P 


RT 

MVo 


In h 


( 1 ) 


where M = the molecular weight of the licjuid contained in a gel, 
l \ = the sixicific volume of this liquid, 

T = the absolute TemiKTature, 

R =: the Gas constant, 

P =: the pressure exerted by the gel at a certain concentration 
|K‘r unit of .surface of a rigid obstacle when swelling, 
and 

h = the relative va|>or pre.s.sure of the gel at the same conc^en- 
t rat ion. 


The same equation has hcen obtained by H. Freundlich * from 
a thermoilynamic analysis of the following isothermal process: A 
quantity div of a li(iuid is transferred from a gel I, exerting a swelling 
pressure J\ into a swelling gel II of the same type, but exerting a 
swelling pressure P^. If dV is the volume occupied by the quantity dxv 
of liquid, the work performed during the transfer is — P2)dV 

^ Kottoidekem. Brihcfte, Ifi, 1-182 (1918). 

» “Kapilltrchenne,” 930 (1922). 
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Then the quantity dw is distilled back from the gel II to the gel I 
which requires an amount of work 


- M 


wherein hi and indicate the vapur pressures of the gels I and II re- 
spectively. Since the process is supposed to l)e isothermal, both amounts 
of work must be ecjual. The equation thus obtained also leads to 
the formula (1). 

On the other hand, based on the results of numerous Odometer tests, 
H. Freundlich and K. Posnjak ^ have derived an empirical relation 
which exists between the swelling pressure, measured by the Odometer 
method and the concentration of the gel. 

Let Q be the swelling pressure in grams per cm.^ 

c the concentration (grams of dry matter per lOCK) tv. of dry 
matter and liquid), 

k a coefficient whose value varies, according to the nature of 
the gel between the extreme limits 2.48 and 4.13, and 
Qo a constant, characteristic for the gel. 


Q = (2) 

According to both Freundlich and Katz, the values P and Q ex- 
pressed by the formuL'e 1 and 2 should be identical. Very few 
empirical data are available thus far for checking whether this assump- 
tion is justified or not. However, the few data which are at our 
disposal disclose a striking discrepancy between the figures computed 
by means of the formulas (1) and (2) resi>ectively. In Figure 1 the 
abscissas represent the swelling ])ressures and the ordinates the voitl- 
ratio (relation between the volume occupied by the liquid and the 
volume occupied by the solid phase) of a gelatine gel. The absciss;e 
of the plain curve Co represent the swelling pressures computed by 
Freundlich from the results of Odometer tests by means of the formula 


Q= 0.00002704, 


and the abscissae of the dotted curve Ci were conqiuted from the results 
of vapor pressure determination for gelatine by means of the formula 


P = 


RT 

"Wo 


\nh 


0.0821 X 293 
18 X~ 1.00 


X 1000Xln/^:Ir— 14421n/i. 


The Odometer tests and the vapor pressure observations have been 
[performed with two different gelatine prcjxirations which certainly 

• Kolloidcktm. Beihefte, 3. 417 (1912). 
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may account for part of the difference between the results. But the 
figure shows not only a tremendous difference between the numericar 
values, but also a fundamental difference in the character of the curves. 
One of the causes of the disagreement seems to reside in Freund- 



rr«88ure P In atmoaphoree 
Fig. 1. 

lich disregarding the fact that part of the volume of the gel is oc- 
cupied by solid matter. His formula should be provided with a cor- 
rection factor, to allow for this fact. This correction factor can 
easily be obtained by applying the laws of hydrostatics to the prob- 
lem in question. Provided the physical characters of the capillary water 
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be identical with those of ordinary water, the low value of the vapor- 
pressure merely indicates that the water is in a state of tension. This 
becomes particularly obvious if deriving the vajxjr-prcssure formula 
in the following manner; 

Consider two bodies of water of which the body I is under no 
stress (P ~ o), while the l)ody II is in a state of tension, the intensity 
of the tension being e(]ual to |xt unit of surface. The vapor pres- 
sures should he //, and //.. res])ectively. If wc transfer a (juantity dio 
of water with a volume dr from body 11 to the body 1, the wr>rk per- 
formed is equal to P .dl\ ( )n distilling it back again, one has to |)er- 
form an amount of work : 


Hence 


RT 

IF 



Pdr — 


RT 

IT 


h. , 

In — f/TC 
/b 


or 


R'F , 


Jijdii* 

IF, dr 


RT , fh 

In . 

MW, Ih 


( 3 ) 


If applying this formula to the vapor pressure on the surface of a 
small drop with a radius r, we mu^t replace the i>ressure /’ by the pres- 
sure exerted by the surface tension /. 1'liis pressure is e(jual to 


hence 


/ . 2jt/' _ 2t 
r*jt r 




which represents the well-known vapor pressure formula for a small 
drop. 

The tension which exists in the capillary water of the gel must 
obviously he comI)en^ated by an equal and o])positc pressure acting 
in the solid phase, because tlie system is su)>posed to be in a state of 
equilibrium, which involves that, for every ideal cross-section of the 
system, the sum of the internal forces must be equal to zero. If we 
reduce the tension P in the water to zero, by freely admitting the 
water through a semi-fKirmeable membrane, while at the same time 
preventing the expansion of the gel, the gel exerts against the con- 
straining obstacle a swelling pressure. 1'liis swelling pressure is equal 
to the pressure under which the gel stood, before the water was ad- 
mitted, and this pressure in turn is equal to the total ten.sion which 
previously existed in the water. These statements strictly represent 
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the mechanical meaning of Freundlich’s computation. However, in 
drawing his final conclusions, Freundlich assumed that the tension in 
the water acted over the zi^ole cross-section of the gel, while in fact 
it acted only over part of it. In order to consider this fact, we have 
to proceed in a manner similar to that which we would use to compute 
the swelling pressure of a compressible, |X)rous body of the type rep- 
resented in Figure 2. Since the voids of this body are supposed to 
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communicate with each dther, the menisci will have, in every one of 
the openings, the hame radius of curvature, corresponding to a vapor 
pressure li and to a tension P in the water. 

Let F be the total area of a cross-section A A of the body, 

Fi the total area of the cros ‘^-section of the voids of the lx)dy 
in the same plane AA, 

Fi z=z F — Fi the area of the cross-section of the solid part of 
the body in the same plane. 


The total tetision acting in the water along the plane AA is equal to 

P X F,, 

If we reduce the tension in the water to zero, at the same time 
preventing a corres|K>nding clastic expansion of the porous body, this 
body will exert a total swelling pressure equal to P X Pi, or of 


p 

z=: P y, per unit of area. 


( 4 ) 


However an investigation of the correction factor for clays seems to 
have shown, that the correction factor is very small, even for high con- 
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centrations. Hence the correction can account only for a small part 
of the flitTerence. As a matter of fact, there is still another and more 
important point in lonmila 1. which sot iiis to he opeji to ohjection. Jn 
(lerixinf^ this fornuila, it was assumed that the s]>ecific \ohime of the 
li(|uid in tlie jl^cI was identical with the specific volume of ordinary vw'iter, 
and the iiuesti^^ations of \\ . 1 ). Harkins* lea\e no more doubt that it 
is coiisiderahl) smaller, 'i'his fact nu.alidates the assumption on which 
the f(3rmula was based. In addition, it leads <nie to sus])cct that, for t^els 
with very narrow op(‘nin; 4 s, the lowermj.^ of the \apor pressure not 
merely indicates tin* jnesence of a mechanical stress in the li(|uid, but 
that it also cxf^yasscs an alteration of the molecular state of the "asitcr. 
Further di.scussion of the \apor pressure formula will lead to similar 
conclusions. 


Vapor Pressure and Size of Micropores of Gels. 

Ilefore proceediiiin to a discu-sion of the \apor ])ressnre formula, 
.some ri'inarks should he made conceininii (he proh;ihle width of the 
inicrojK^res of the i^els. 

Jn FJ14 ). S, .\nderson published a formula which e.vpresses 
(he relation between (he \a]>or pressure and the radius of micropores. 
.Since then the formul.'i has been .assimilated into man\ textbooks on 
caiiillary chemistr\. It J4i\e- remarkahl) small \alues for (he diameter 
d of the \oi(Is of j^els (e^, (*or .Silica .Ltels at the pomi of “chanpe 
of color’*; the voids Idled w'ith water, d 5 up; with alcohol. 
d~ 5 174 ( 1 ( 1 , w'lth lleii/ol. </ -r 5.''S0 pp, hor the* lower point of 
transition, d~-~2 752, i.4J4 and 2.702 pp resp(“cti\elv llow'ever, 
Anderson’s formula is based on the assumption that the lowaa'iiijLt; of 
the vaj)or piessure merelv expresses the pre.sence of .a tension in the 
liituid and that the ]>h\sical pioperties of th<* liijuid contained in the 
voids, jiarticularly the surface-tension, are normal. 

In contradiction of this, as a result of an in vesti^^^ation of the 
physical projierties of clavs I was led to the conclusion that both the 
surface tendon ainl the viscosity of the water contained in the voids 
of very fine-j^t^rained ])owders are j^reater than in normal water, the dis- 
crepancy rapidly increasinm with decreasing si/e of the voiils. h'or 
the viscosity of water in narrow o|X-nin^^s 1 derivaal the empirical 
formula 

/ 6.02. 10 /, 2,42 X 10 

Vo’ =Vo(\-\ j to Z'„ ^ 1 H — J ( 5 ) 


* J. Am Clirm Sor , 43 ITS? 

•'/f physih Chrm.. 88 . 1 !0 1 ( 1 'O 1 ) 

•2. a»gc7i'. Maihrni. uhJ Mah, 4 , KjT iKi 
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wherein z'o = the viscosity of normal water at room temj>erature in 
absolute units, 

7 -,/ — the viscosity of the water in a slit with a width 2s (in 
cm.) at the same temi)erature. 

Since this fornmla was published I learned of the important obser- 
vations made hy W. I). Jfarkins " concerning the density of liquids 
contained in the /tnVro/jores of gels. According to the statements of 
Harkins the density of water contained in the voids of charcoal is of 
the order 1 : 0.75 ~ 1 corresj^ondin^ to the density of water under 
a pressure of more than 20,000 atmospheres. The density in turn 
is intimately connected with surface tension. With the present state 
of our knowledge it is not possible accurately to compute the increase 
in surface tension due to this increa.se in density. This is particularly 
true because we have as yet no clear conception of the molecular state 
of the adsorbed liciuid. However, to get some idea of the order of 
magnitude of this iiiHuencc*, we may first a])])ly a formula, derived by 
R. O. Herzog^ from \ an der W'aals’ ecjuation, but valid for non- 
associated licjuids oniv. Let 

7 ’ be the spcvific volume of the licjuid, 

Tk the critical temiKM-ature (ab.solutc), 

T any Tem|K*rature. 

It <ind b the constants in \ an der Waals* ecjuation, 

.d and P two other empirical constants, and 
t the surface tension of the liquid. 

According to .\venarius, the ecjuation 

7 ; “ a - " b In (Tk — 7') 

should l>e valid within very wide limits, [-'or the surface tension Van 
dcr Waals has derived the equation 

( ombining these two terms, we obtain 
n 0 

T» 1 • • dP 

I.y substituting .-r r au<l In A + _ ■ - Ij, T, ^ both quan- 
tides r and .v being independent of the temixirature, we obtain 

In t ^ 

»/. Am Chi'tn. Soc . 43 17S7-1H02 (1921). 

Elcktrochcm.. 14, H30 (IHOS). 


( 6 ) 
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or for water, computed from the deneitie^ at 4"^ and 80° respectively, 
In t + 8.29t> irr 12.02. 

IntroducinjT into the equation the value for v of adsorbed water 
computed by Harkins, we obtain 

In t + 8.2<> X 0.75 “ 12.62 
or 

/ ~ 600 Dynes, 

a value which is cn//// fit/irs ip'catcr than the \alue of the surface ten- 
sion at room temperature. 4‘his calculation obviously is based on 
the assumption that the decn'ase in tlic siK'cific \oliime was caused by 
lowering the tem[>eraturc at constant pressure. As a matter of fact, 
for reasons which will he i)resented later, we are inclined to believe 
that the molecular state of the adsorbed layer resembles miu'h more a 
state jiroduced by iindercoolinj^ than a state pioduce<l by hi;^di ])ressure. 

If, on the oth<'r hand, vve assnnie that the increase in density is 
due to raisinjr the piessure at lonstant (enijxTature we can, as a first 
approximation, assume that the surface tension is proportional to the 
total internal pressuie, i e., to the intiinsic pressure />„ at normal 
temperature plus the external pressure Acem-dine: to \b'm der 
Waals’ equation, the value /'<, .should be of the order 1 KXX) atmospheres, 
while the value p is accordinj.^ to Harkins equtil to or bi^^^Ljer than 2(XXX) 
attnospheres. Hence 


/> + />.. 31 (XX) 

^ iidoo 


: 2,S2 


(7) 


So that in this case, the surface teiision should be about three times 
greater than the normal value of the .surface tension. 

As a result of these computations wc can hardly avoid the con- 
clusion that the .surface ten.sion of the water contained in the microiK>rcs 
of the gel is con.siderably greater than the normal value of this ten- 
sion. In addition, we shall hud later on that the lowering of the 
vapor-pressure .‘“Cems to be <lue not only to the tension in the liquid 
but also to a change in the molecular state of the liquid. As a c-onse- 
quence, it is very probable that Anderson’.s formula furnishes for the 
diameter of the voids of gels values which are considerably too small. 


Harkins Pressure Hypothesis. 

Reference has l)een made to the investigations W. I). Harkins. 
These investigations have furnished conclusive proof that the density 
of liquids contained in the voids of gels is considerably greater than 
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the density of tlie same liquids if contained in macropores. I lie 
i/jcrcnsc in (loii‘'ity flue to .'Khffrptioii was foiiiui to he remarJeabiy 
prof)ortioiKil to the coniprcssi/a/ity of these liquids. Itased on these 
facts, Mr. JIarkins coiicliuled that the adsorbed liquid exists under 
pressures of more than JOiHK) atmospheres. 

d'lie discovery of Air. Harkins undoubtedly repre.^ents fine of the. 
most important ste]>s towards a fuller understandiiijLC f)f the nature 
of the jirocess fif adsorption. llowe\er, the tonclusions derived from 
the results of the ohser\ations seem lO he somewhat in contradiction 
with two well estahlidied facts* 


T 

d 

1 


Fig 3. 

'Fhe first one concerns the ian,i;e of moKcular attraction. High 
pre.ssure in the adsorbed li(|ui<l could not ])osMhl\ he jiroduced ex- 
cept by inten.se molecular attraction bv the molecules of the solid, an 
attraction acting over a <hstance iuan\ times i^reater than the diameter 
of the molecule, dims far neither the m\ estii>alions of molecular 
interaction between the molecules of j;ases tior thon* concerning their 
interaction in solids furnish any evidence for the existence of such 
forces, (^n the contrary, all the results tend to demonstrate that 
the molecular attraction is limited to a sphere whose radius hardly 
exceeds the diameter of the moletule. Hence the diameter of the 
sphere of intense attraction is very small if comiiared with the values 
furnished hy Anderson’s tormula lor the diameter of the voids and 
it was pointed out that even these \ allies may be considerably smaller 
than the true ones. 

The sevond fact whicli .seems t«> be iiu omiiatible with Harkins’ 
hvl)othe^is concerns the state of stress existing in the li(|uid. The 
lowering of the \apor pressure indicates according to formula (3) a 
tension in the liijuid. In a gel with narrow voids, where the increase 
in density extends across the whole cross-section of the voids, the 
intense corresiKinding pns.sure should produce a marked increase in 
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llic vajMjr pressure. 'I'o illii^tratr the* plnsical oonstMjnnKTS of Har- 
kins’ hypothesis, I pinposc the t'oJIovviuiLi anal(>|i;\ 

In I'i/^nre the t\V(» plaie^ \ an«l T* rejireseiit the solid phase of 
the the -[irin^^s provide the elastic lesistance of the ^el against 
the reduction of the volume of voids hy pressure (external or internal 
pressure). 'I'he liijUid phast* is enclos(*d hetvveen (lie two jilates and, 
within a /one of the tluckues.s \. it is sup|)osed to lx* intensely at- 
tracted hv the material of the plates. Hence, on account of this 
attraction, each one of the plates will he surrounded hy a layer of 
tht>rouj4hly coiiipre-sed lifiiiid, and llu* altraetioii hetvveen t]u‘ plates 
will he due to the surface teiisKin of the non compressed lu[uid iK^tween 
the compressed layers The cross '^trtioii of this hodv of non-iom- 
press(‘d li(|uid is called ( and is iuduated m the Injure hy a hlank 
space. If tlu' litjiiid (‘vaporates, the aiea ( heuuiies smaller and Miialler 
until it tinallv disappears 'The <iisappeaiance of the ari'a ( is accom- 
])aiiied hy that of tlie iiu-iiisci, hence. <*n furtluM* evaporation, the attrac- 
tioi hetwecMi the jilates .\ and l*» cduld not jxjssihly he dm* to any 
force other than the attraction of plat(‘s \ and T. acro'-s lh(‘ space 
occupied ))v the com])ress(‘d h()uid. At the sanu* tinu* the vapor- 
prc'sure shoidd increase rajudlv and. according to e(|uation it should 
fma'h reat'h p! antastic values It doi*s not s<'em that such a concep- 
tivin of the interaction hetween the solid and the lujuid phases aiirees 
with the observed facts, 

I'inally it tiuist he mentioned that (lu* I larkins hvpothesis does 
not atjree with the results <»f mv ohservatioiis comaMiim^^ the per- 
UK'ahilitv of clays. An increase in pressure at constant lemperaltire 
produces a (lcir(\usc in the viscosity of water, while th(‘ results of my 
|X‘rrueal)ility tests clearly indicate that the viscosilv rapi<lly incrrasrs 
with increasinj^ deiisitv of the p<»rons horlv, as soon as the diameter 
of the voids hccomes smaller than about KH) pp. 

Since on the other hand, Haikms’ e\]>eriments hav(‘ conclusively 
demonstrated that (he adsorption jirocc'^s is assiK'iated with an im- 
portant increase in densitv of the licpiid phase, we are cihli.ijed to search 
for another ex])lanation of tiu' phenom< non. 


The Adsorbed Layer” as a Zone of Forced Vibrations. 


Accordinjj: to the kinetic tlieorv of lieat develoiK-d hy Debye, Kar- 
man and Horn, the internal enerjjv of a substance, at a tj:iven tempera- 
ture, can be repre.sented by a vibration-spectrum, d'he density of the 
lines of this s]K*ctrum indicates the fretjuency of the different tyi)es 
of vibrations. The solid and liquid phases of ^els rcprc.sent (wo 
substances which, at equal temi)cratures. undoubtedly have funda- 




Fig. 4. 
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mentally different vibration s|)cctra. However, at the boundary, the 
two substances are chained together by mutual molecular attraction, 
i.e., at least one layer of molecules of the li(|i!id is forced to vibrate 
more or less in harmony with the solid. The elTcrt thereof on the 
state of \iI)ration of the liciiiid phase cannot yet l)e anal\/etl mathe- 
matically. Howe\er, its nature can be explained by means of the 
analogy rei)resente(I in Figure 4. This figure shows three series of 
jienduliims. liach ixMidulum of the two outer sets is sui>iH>.sed to 
have a mass ;/i, and a numlxr of oscillations 'fhe corresponding 
data ft)r the pendulums of the middle set are niv and ;/... It is in 
addition assumed that each one of the swinging mass jioints strongly 
attracts all the other ones if they are locatetl within a circle with a 
radius r. d'his radius corresjxinds to the range of moltvular attrac- 
tion. The distance between the paths of the oscillating [loint'' lejire- 
seiits the average distance between the molecules. In their totality, 
the three systems of iiendulums represent a crude analogy to a layer 
of h([uid with a thickness d, enclosed between two solids. 

J.et us supiio^e first, that each one of the three .sets of jK*ndulums 
would he independent of the other ones, i.e., that there he no attrac- 
tion between the mass points nii and while the attraction of the 
mass iKiints among the members of each group subsists. This assump- 
tion corresponds to the ca-'-e, that the liquid does not wet the solid. 
If w'e simultaneously impart to each one of the masses a definite 
amount of kinetic energy, the members of each .scries of pendulums 

will |X‘rform simultaneous and identical o.scillations, in .s)>ite of the^r 

mutual attraction. The oscillations of the mass points jn, would l)c 
limited hv the straight lines /y,/T and respectively, tho.se of the 

mass |x)ints m > by the straight lines . Z,.-!, and - /-/I 2 res|)ectively. 1 lence 
if the liquid does not wet the solid we would predict that the pres- 
ence of the .solid ])hase would produce neither a marked change in 

density nor in vi'^cosity of the liquid phase. 

However, if the liquid wets the solifl, i.e., if the mass points m* 
attracted not only each other but also the mass jKMnts 7»i, this at- 
traction will inllucnce the oscillations of the pendulums of the middle 
set over a range many times greater than the radius r of molecular 
attraction and the oscillations of the mass |K>ints of the middle set 
will he confined to the sjxxce Uicated between the two dotted curves C'l 
and Co, Figure 4. 

In a two phase system in which the liquid wets the solid, the 
molecules of the liquid corresjxind to the mass jxiints m 2 in h'igure 4, 
tending to move at a given tem|K*rature through far wider s|xices 
than the molecules of the .solid at the same temfxraturc. Hence the 
disturbing effect of the solid pha.se should lx similar to the one pro- 
duced by lowering the temi>erature, i.r., of undercooling the liquid. 
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C oiiscqueiU upon the ])lienonienon thus described, the density of the 
li(juid increase'., in harmony with Harkins’ results, over a layer many 
times thicker than the raiif^t* of molecular attractiiai of the molecules 
of the solid, Alec hanicalh , this li(juid can he in a state of tension, 
which a^,;r(‘(‘s with the results of the -.apor jires'ure observations. 
And the viscosity of the liquid would he considerably greater than 
the normal visc(jsity Lt‘t 

7',, he the normal viscosit\ of the lujuid at a temperature at a pres- 
sure /j„ and at a specific volume of the liqii'd / „, 

V th(‘ vi'C'ositv rif the lifjuid at a specific volume / < J o, at a teni- 
peratu»'e /„ and at a presMire /» > and 

v' the viscosity of the lupiid at a specific volume < J A., at a tem- 
|K*rature t < /,» and at a pressure />„ 

If the decrease of the specific volume of the h(|iiid from T,, down 
to I' was due to iiureasinii the pressure* (first ease*, viscosity v), the 
vis<'osiiy would he 


r- - 7 *„ X ( 1 1/0 . 10 *'/’ ), which -C (’o 


If on the otiu'r hand, the* specafic- volume was dc'c reaped hv under- 
cooling,^ the li(|uid. as we assume ( second case, viscositv r'). the viscosity 
w'ould he 


7'' r-- 7 V 


.^00 / 

/ -T- 2 S 0 l<f 


whu'h > 7 


rapidly iiu'reasin*,,^ with decreasinj; tempc'iatnrc* 

Hence the conception of the adsoihed laver a laver of forced 
vibrations, with a mokvufar structure similar to the one of an under- 
c'( oled litjuid, seems thus fai to aj^ree with all tin* ohser\(*d facts. 


Vapor Pressure, Heat of Swelling and Free Energy of Gels. 

If a dry ^i^el adsorbs a cjuantitv ol 1 gram of water ])er I gram 
of dry matter, a (juantity II of lu-at is liberated 'fhis quantitv sliall 
he called the “intc’gral heal of sw’ellmg.” According to Kat/A' the 
relation between / and IT can he e\pressc‘d hv the emjiirical formula 

r i=z ~ — where A and P are constants char.icteristic for the gel. 

H "f~ ' 

fhe first derivative of IP: 

AP 

~ 

(/y-f 0^ 

is called the “ditTerential heat of swelling ' aiui indicates the (juantity 


* KoltoidJirux. Ih'xhi'ftc, 10. 1-182 (1918). 
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of heat which is de\ eloped if a ^el with a water content i adsorbs 1 
»ram of water. I.et 


//, and //_. he the xapor pressures of a j[^el with vw'iter contents of f\ 
and respec'tively, 

7e, and the ditt^^-rential heat of swelling of the same ^el, at a 
water content of /, and i. res|>eetively, 

.1/ the molecular weij^dn of the lii|uid ]>hase. 
f (, the speciiie \'olume of the liijuid phase. 

7' the ahsolule temi)erature. and 
R the gas constant. 


If the water content of the gel increases from j, to i. hy sw'elHng 
without the free e.\])ansion of the gel being restricted, the (piantity 
of heat liberated must l)e e(jual to the change in energy of the system, or 


RT 

I/T'7 



(«) 


If the gel merel)- represented a compressible capillary system (com- 
])ressihle body with macro-pores), the change in energy c\j)rcss(‘(l hy 
formula (S) could he demonstrated hy using the model h'igure 5. 
'rills I'lgure shows a >vstem of com])ressihle capillary tubes, with water 
contents /] and /h jier gram of solid, 'fhe \apor pressures eorre- 
s|M)n(Hng to the water contents /, and are determined hy the curva- 
ture of the menisci, i.e., hy the tension in the water, and are called 
//i and h, respectively. 'The right hand side of e(|uation (X) repre- 
sents, according to formula (.1), the difference I \ — of the ten- 
sions acting in tlie ca]>illary water of the sv'-tems I and II. 'fhesc 
tensions could he measured hy using the Odometer method. This 
method simply consists in introducing the systtan into the Oilometer 
cell, immersing the cell in \vat(‘r, and measuring the pressure exerted 
hy the gel. 

( )n the other hand, if the svstem he allowed to expand freely, 
while jiassing from the state I into the state II. the water is soaked 
into the capillary tubes on account of the elastic ex])ansion of the 
tubes. In a similar manner a s])onge takes u]) water if it is allowed 
to expand in a vessel filled with water. 'I'he work ])erformed during 
the jirocess of expansion is com]>letely converted into heat, provided 
the tubes are so narrow that the Ilow proceeds slowly. Otherwise, 
part of the energy will 1 k‘ converted into elastic vibrations. If we 
admit to the system I'igure S a (juantity of water of 1 gram while 
it is in the states I and II respectively, without interfering with free 
exi>ansion, the energy of expan.sion turned into heat due to lujuid fric- 
tion is, according to the laws of hydrodynamics, equal to /^, and Po 
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respectively. Hence, the difference in internal energy corresponding to 
the states I and 11 of the system is cf|nal to 

which in turn is e(|ual to the ciiange in free energy of the system. 
Due to this fact, the internal energy can be converted wholly into 
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h, 

P. 




external work. In i>ractice, llii.s roiiversion could be jx^rftfrmed by 
artificially reducing the speed of ex^xansion, that mean- by restricting 
the free expansion by an external pressure vSoinewhat smaller than 
the swelling pressure. The lower the speed of exi>ansion, the smaller 
is the amount of energy used up by liquid friction and the balance 
performs external work against the pressure P 

As a matter of fact, according to the figures published by Freund- 
lich^® the agreement between the values obtained by Calorimeter tests 
and the corresponding values computed from the results of vajxir pres- 

*• “Ktpillarchemie” (2). OHQ (1922), Table 178. 
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sure observations by means of formula (1) is quite remarkable. 
Even more surprising is the fcillowing fact : the heat of swelling of a 
system of the tyi^e ^hown in Figure 5 has nothing whatsoever to do 
with the interaction between the li(|ui(l and the solid u*iihin the system. 
The acting forces are strictly confined to the boundary between the 
free surface of the water and the solid phase, i.e., to the external 
surface formed by the menisci, and the heat of swelling of such a 
system is nierely due to liquid friction associated with the flow. In 
spite of this, there exists, according to Kat/,^’ an almost constant 
relation l>etween the heat of swelling and (he volume contraction of 
the system, the latter being exclusively <lue to mokvular interaction 
zinthin the system. In addition to this, it was found that the rela- 
tion between the heat of swelling and the water content of a gel 
is almost the same as the one which exists between the water content 
of liquids such as IF.SC^ and others, and the corresponding heat of 
mixing. In other words, there exists an intimate physico-chemical 
relationship between gels and solutions, a relationship which cannot 
tx)ssibly be accounted for by the factors which determine the heat of 
swelling of the capillary system b'igure 5. 

This relationship would remain utterly incomj)rehensive if the 
swelling pressures of gels measured by the Odometer method were 
really identical with those computed by means of the vai)or pressure 
formula (1). However, I'igure 1 has suggested already, that these 
pressures may bo very different and that they follow different laws. 
This dij-crei^ancy has a singular significance, if compared with the 
results of certain of my own tests jx^rformed with coarse grained 
sands, by using a method which in every respect corres|>onds to the 
Odometer method for measuring the swelling pressure of gels. The 
sand, confined within a steel ring, was first jmt under pressure. Then 
the pressure was gradually relea.sed. Ily plotting graphically the re- 
sults of the observations, curves which repre.sented the relation be- 
tween the pressure Q aiul the corres])onding expansion c of the sand 
were obtained. From these cur\es I derived the em])irical relationship 

^= — A-. (9)” 

dQ 

In this formula e denotes the ratio betw'cen the volume of the 
voids and the volume occupied by the grains (voids ratio) ; /f is a 
constant, whose value ranges between the limits 0.0057 and 0.01, de- 

. de 

pending on the nature of the sand. The ratio represents the 
reciprocal value of the modulus of elasticity at lateral confinement. 

Kottoidchem. Deihefte, 19, 1182 (1918). 

*• Terxaghi, Erdbaumcchamk. Wjen (1925). 
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( )n the nth(T hand, hv' aiialvzinj^ the re'-ults of many C*)df)meter tests, 
II. Freundlich ami I'.. Posnjak derived the empirical formula (2) : 

Q - QoD- 

wherein c indicates the concentration of the j^el (.grains of dry matter 
per KXX) cc. of dry matter -f li(jiiid) ; Qu and Ic are constants. Between 
the concentration c and the voids ratio c, exists the relation 


c 


lOCKh' 

r+7' 


wherein .v ~ six*citic j^raxity of the dry i(el. lienee 

1 

(j (j. X hx:kf X X -T-i — rr 

( 1 + 

and 

dc _ 1 + c 1 

do ~~ " Ic 7J* 


(10) 


'I' he coeflicient 


fc 


in 


formula 


J in formula (‘M corresponds to the coefficient 
(10) and its value indicates the relative intensity 


of exjvmsion at a Jl^incu ]»re^sure. k'or sand this value \ aided from 
0.(X)57 to 0.01, and for clavs it ran.eed between 0.010 and 0.045 (very 

fat clays). The value of - for Bosnjak’s elastic ^.^els ran^axl between 
fC 


0.242 and 0.402. ( hi account of the small intensity of swelling of 
the soils w'hich I have in\ estimated, the value 1 X e changed very little 
during the jirocess of e\i)ansion, l*'or this reason, and in addition 
on account of the importance of the hysteresis etTects associated with 

the swelling of .soils, the effect of c on the value of — — was smaller 

dQ 

than the |K)ssil)le error of observation, and escaix'd being noticed. 
Hence, there seems to be little doubt about the identity of the terms 
(^>) and (10). b'ormula (0) corresjionds to llotike’s law for solid 
bodies and describes the clius'tic properties of aecmuiilafions of grains. 
I'or this reason it seems that i^'reiiiidlich’s formula (2) merely ex- 
presses the elastic tiroperlies of the solid phase of the gels, a prop- 
erty which is wholly independent of the molecular interaction between 
the liquid and .solid phases. If one could Micceed in freeing the solid 
phase completely from every trace of adsorbed material, without a 
simultaneous shrinkage of the gel. ^he elastic i)ro|)erties of the skeleton 
thus obtained should conform to the formula (10). The only reason 
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why this test cannot he realized in practice is because of the intiX)S- 
sibility of completely evaporatinj^^ the water contained in niicropores. 

llius the cause of the discrepancy between the results of the 
Odometer tests and those furnished b\ the va|X)r j)ressure formula 
seems gradually to emerge fiaun the facts. It seems that the lowering 
of the va|)or pressure is due not to a single cause, but to two essen- 
tially different causes : 

(A) the tension in the li(juid. and 

(1j) a change /’" in the molecular energy of the li(|uid, or that 
RT 

\nh-^r ( 11 ) 

IM I o 

The ])art corresponds to the ca])dlary (macromechanical) ])art 
of tile swelling jirocess. According t(» formula (d) it is due t«i the ten- 
sion in the licjuid and iiroduct's the swelling pressure measured hy the 
Odometer, after the cell is immersed in the water, which reduces the 
tension in the water to zero. This swelling pressiiri* is merely due to 
the elastic expansion of the sc»li<l phase, previously hehl under com- 
]>ression hy the surface tension of the water, d'his purely mechanical 
swelling pressure represents the “free energN “ of (he system and can 
he entirely converted into mechanical work, d'he heat develojied in 
connection with a change in free eiuM'gy with unrestricted exjiansion is 
exclusivelv due to liijuid friction associated with the How of waltM* from 
the surface towards tlie iiiteiior, while* the gel expands. 

'The p.'irt of the total energy cen'responds to the nioU'cular- 
mechanical part of the .adsorption ])roc(*ss. .\ change indi- 

cates a change in the internal energy of the* liepiid which (‘liters the gel, 
while the gel pass(‘s from a state / into a state* //. d his change is ap- 
parently due to the free \ihrations of the molecules of the liepiid being 
reduced to forced ones witli a considerably smaller intiMisity. Since 
is due to a change in the dissipated energy of the Hf|uid 
phase, it can neither ])e ctiinerted into external work nor c.in it be de- 
tected by means of an (')dom(*ter test. It can merely be deduced from 
the results of va]M)r ])ressure observations or comiaited from the 
measured value of the heat of swelling. 

Thus, we are led to suspect that the jirocess of adsorjition rejire- 
.sents the combined result of two essentially different jirocesses; A 
macromechanical one. representing the manifestation of the free energy 
of the system, governed by the law** of ordinary ca]>illary action, and 
a molecular-mechanical one, disclosing the dissipated energy of the 
system, governed by the laws of molecular interaction, f igure 6 rep- 
resents this conception graphically, on an exaggerated s<.ale. In this 
diagram the ordinates represent the water content i in grams ikt gram 
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of dry j^el. Tht abscissa* of the curve 6' represent the pressures 
determined by bYeundlich’s formula (2), which can l>e measured by 
means of an Odometer, and those of the curve 6 the pressures com- 
puted from the results of vapor pressure observations. At liigh water 
contents the voids of tlie gel are wide. I'hc space occupied by the 
'layers of forced vihrationC’ arc ne^li^ihle if compared with the total 



Fiu 


volume of the liquid and, as a consc(juence. tbc ([uantity in formula 
(11) is negligible if comjKircd with /". Hence the up|)er parts of the 
curvTS C' and C in Figure 6 are practically identical, and the ]>ro|x*rties 
of the gels are governed by the laws of ordinary cajullarv actiotn On 
the other hand, at high concentration of tlie gel, P' becomes negligible 
’if comi^jared with P". The heat of swelling, at such concentrations, is 
almost exclusively due not to liquid friction, but to a change in molecu- 
lar energy, which in turn shows itself in a change in den.sity of the 
liquid. This seems to be the rea.son of the close relationship Ixtween 
the properties of concentrated gels and of solutif)ns. 

For the purpose of checking the conceptions presented in this paper, 
tests are being made by the author in cooj^eration with the department 
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of *0161111031 Engineering^ of the Massachusetts Institute t)f Technology. 
Thus far the tests have furnished the following results concerning gela- 
tine : Ereundlich’s equation (2) describes the relation between the con- 
centration and the swelling jiressure with great accuracy up to the 
maxinuiin swelling pressure measured with the Orlometer (52 kg. per 
cm.*). Under a pressure of 52 kg. per cm.^ exerted by the piston of 
the Odometer, the concentration of the gelatine was 850. lM)r concen- 
trations of 980 and 1010 the swelling pressures should be, according to 
Freundlich’s formula, equal to 95 and 110 kg. ])er cm.* respectively. 
The vajK)!- pressure formula furnishefl, for the same concentrations, the 
values 222 and 450 kg. |x!r cm*, lienee the term (10) would be, for 
these two concentrations, P' -f- P" — <>5 -f 127 and 1 10 -f 340, respec- 
tively. The tests are still being continued. 


Analogy Detween Gels and Solutions. 


Let II be tile heat in calories, liberated, if a dry gel adsorbs / gram 
of water jx^r gram of dry matter, or if 1 gram of a pine liijuid (HoSOi, 
etc.) is mixed with / gram of water per gram of solvent, and (' the 
volume contraction in cc. associated with these ]>rocesscs. 


According to Katz, the \aliie of the ratio 


ranges between the 


following limits : 

I'or gels 


L = 10 l(. 32 X 10 *. 

/L 


For true solutions, — ™ 11 to 25 X 10 


The clo.se agreement between the.se values is obvious, and consider- 
ing the fact that they refer to two fundamentally different sy.stems, 
certainly is striking. However, it seems to be explained by the assump- 
tion exjires.sed by formula (11) and by what is shown in Figure 6. 
Neither the lieat of swelling nor the volume contraction can Ixj deter- 
mined exce]>t for gels with a high concentration, becau.se at low con- 
centrations these quantities are too small to be measured. At high 
concentrations, /^' in formula (11) (the mechanical part of the caujre 
of the lowering of the va|K)r pressure) becomes negligible if compared 
with P". P'\ the factor which expresses the change in the molecular 
state of the adsorbed liquid, dominates, and this factor is physically 
identical with what causes the lowering of the vapor pressure and the 
heat of mixing for solutions. 

This analogy calls our attention to another relation which seems to 
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exist between gels and solutions, i.e., the relation between the swelling: 
|>resMire and the osmotic pressure. Tx*t 

/i and //, be the va|><jr pressure of the pure liquid and of the solu- 
tion resj)ectively, 

f'o the specific volume of the solution, 

M the molecular weight, 

7' the absolute temperature of the solution, 

R the ^,^as constant, and 
P the osmotic pressure. 

between the.se quantities exists the known relation 


P~ 


RT 



( 12 ) 


Tl\is e(|uation is identical with the eijuation (1). that means, if P 
in equati(jn ( I ) were identical witli tlie swellins^ pressure measured with 
the Odometer, osmotic pressurt* and swelling pressure should be iden- 
tical. It is surprisinjj;^ to notici* that the identil\ of the^(‘ formulas was 
known; the essential ditTerence which exists between the osmotic 
pressure and the swellini^ pressure was also known. Xevertheless, it 
was believed that P in formula ( 1 ) rej)resented llie swellin;.,^ pressure. 

If we apply to the case of the osmotic pressure the conception pre- 
sented in this paper coneerninj^ the phvsical character of the adsorption 
process, wc would have to ^dve to the facts (he followin^^ inu rjirc'tation : 
In the ^XMieral equation (11) 

— In h - P' + /^" 

it / / 0 

P^ is the swelling: pressure which represents the e(jui valent of the ten- 
sion in the li((uid, produced by the snrf.iee tension at the boundary 
gas-liquid-solid. P" represents the change in internal energy, ddie 
smaller the voids, the smaller is /" in conijianson with For true 

solutions P' becomes e((ual to 'ero, because due (<> the absence of voids 
no more caiiillary phenomena exist, and P" represents the osmotic 
pressure, while the swelling pressure F' strictly follows the law of the 
com])ression of coarse mechanical capillary systems. 7'lic ATce/Zniq pres- 
sure P' as measured by the Odometer method seon.s to fnivc nothing in 
common ‘ioith the molecular part of the adsorption phenomenon. 

Mas.sachusetts Institute of IVchnology, 

C'ambridge, Mass. 



SPECIFIC lox l-:i'l ECTS IX THE HEll.WTOK CJ' TANNlNc; 
AGENTS TOW ARD COI.EAGEX TKICXTED WI TH iXl-Tl- 
TRAL SALTS * 


P>Y K. If. (iL\sT\VSoN 

The actkiii of neutral salts u|Hni jiroteins is a ])iul)l(*ni of j^reat 
])hysioloi;ical inijiorlaiue and our knowledi^c in this lield has been 
largely enriched 1)\ the jiliyHi (logical chemists, d'his (jiiestion has also 
an important jiractical aiiplicalmn in the manufacture of leatlier, par- 
ticularly in the preixiration of skins for tanning. 'Tliis investigation 
deals with the behavior of the hide protein, collagen, treated with eijui- 
molar solutions of neutral salts toward tlie most important classes of 
tanning agents, the vegetable tannins and the chromium and aluminum 
salts. 

Hofrneister’s ' classical researches in regard to the swelling and 
coagulating et'fects of a number of inorganic salts upon s(‘veral ])rotcins 
originated the w’ell known ion s(‘ries bearing his name. He found that 
the relative effectis eness of the salts in these res]x*cts could be arranged 
in nearly the same order for the several ])rotems investigated, d'ho 
anions formed the series: sidfate, citrate, tartrate, chloride, chlorate, 
nitrate, bromide, iodide, and thiocyanate, wdiere the coagulating elTect 
decreases wdth descend(*nce of the series but the swelling and |)e|Hi/.a- 
tion increase in the above order, 'fhese observations aj^jily only to a 
neutral or slightly alkaline reaction of the proteins and their solutions 
as it w'as found later that the order is rev<Tsed in acidic medium.^ 
Later, several w’orkers, foremost among them Wolfgang I’;iuli.‘ have 
confirmed these findings. The reversal of the anion series brought 
about by a change in reaction .served to indicate that the experimental 
conditions were of great significance for the behavior of the protein 
and the controlling factors of ])TJ and of the purity of the protein 
have now long been establif-hed. It was therefore near to hand to 
suspect that the Ilofmeistcr series were only fictitious and produced 
by lack of control of these factors, the imixirtance of which was not 
lealized at the time of the pioneering investigations. Loeb in his 
well known and elaborate investigations came to the conclusion that the 

^ PfJuger^s Arch., 24. 247 (1888); 26, 1 (I88‘)); 27. 395 (1890); 28, 210 (1891) 

* Posternak, Ann. dc I'InstU Pasteur, 15, H.5 (1901); citod from Freuiullich’* "Kapillar 
chemie.” 

•Pauli, PflUgePs Arch, 71. .3.33 (1898): Untr physiol, path Chem., 3, 225 (1903). 

‘"Proteins and the Theory of Colloidal Ikhavior,*' 65-111 (1922). 
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Hofnieihter series is not valid but that the so-called lyotropic effect 
is produced by the change in pH by the added salts. No specific ion 
effect was noticeable at constant pH values for isoelectric protein as 
material in case of salts of the same valency type. His observations 
were readily explained from the ionic concept of protein reactions and 
by the application of the Donnan membrane equilibrium to protein 
systems, as first pointed out by Procter and Wilson ® in their classical 
researches of the acid-gelatin equilibrium. The action of neutral salts 
U|X)n protein .solutions and proteins in the isoelectric state in regard to 
coagulation and [x.q>ti?ation, could however not be explained by ‘‘the 
concept of colloidal behavior and Loeb admitted that in this case, the 
determining factor is probably an indirect effect due to secondary 
valency action between protein and solvent. 

Loeb’s categorical denial of the existence of a specific ion effect in 
general has been criticized as his observations were carried out in dilute 
solutions where the effect of H- and OH-ions predominates and where 
the result therefore will be according to the valency rule. Such a dual 
nature of the action of neutral salt has been amply illustrated by 
Michaelis,^' who found that the flocculating effect of neutral salt*= U|)on 
serum albumin increa.ses in order: C*NS > T > P»r > ('1 > SC)^, in salt 
concentrations from 0.1 to 0.5 normal. 'Fhis order is reversed in higher 
concentrations than one-normal and the sulfate shows now the greatest 
flocculating f)Owcr. .Similar re.sults were obtained in a study of the 
swelling of agar as inlluenced by neutral salts, where the lyotropic 
nature was evident (udy in high salt concentrations. Michaelis con- 
siders that the neutral .salt action in dilute solutions is largely due 
to electro-static influence of the adsorbed ions, where accordingly, the 
sign o-f charge and the valency rule will be the governing factors. The 
lyotropic nature of the salt solutions is however more i)rominent in 
high concentrations, {xxssibly due to a competition of the salt and the 
hydrophilic colloid for water. 

A satisfactory explanation of the neutral salt effect has however 
not yet been advanced and tb.e final answer will probably not be given 
before the problem of activation of neutral salts in concentrated solu- 
tion and our knowledge of the structure of proteins have been further 
advanced. The important investigations carried out by Stiasny ^ and 
his pupils showed that the change in dispersity of gelatin solution by 
neutral salts, employing ashfree isoelectric material at a constant pH, 
follows the lyotropic series. The peptization of proteins by means of 
neutral salts has been explained by Hardy® as a primary valency com- 
]XHind formation, the salt radicals combined with the nitrogenous 

•Procter. /. C/icm, Soc.. 106, 313 (1914); Procter and Wilson. \bid , 109, .307 (1916). 

•“The Effect of Tons in Colloidal .Systctn.s.” 82 103 (1925). 

'Stiasny and Das Ciupta. Collcaium, 1.3 (1925); .Sttasny, Dav Gupta, an<l Tresser, tbid., 
23 (1925); KoHotd Z., 36, 853 (1924). 

•/. Physiol, 33, 261 (1906). 
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groups. This view can, however, not be upheld in the light of 
Pfeiffer’s ® systematic work in regard to the neutral salt compounds 
with amino acids, polyjxfptides, and pi|)erazines, which researches have 
clearly demonstrated the failure of the classic valency theory in this 
instance and they have instead definitely established the formed addition 
compounds to be of secondary valency nature. 

Thomas and Foster have contributed to the jM'ohlcm here in (pies- 
tion in their study of the behavior of hide substance, in the form of hide 
powder, toward neutral halides and .sulfates. The neutral halides were 
found to exert a destructive action upon hide jxjwder, where, on the 
other hand sulfates were effective hide preservatives. The order of 
cations and anions were, in a general way, in concordance with the 
Hofmeister series. 

An explanation of this problem, based upon the nuMlern ('oncept of 
the structure of proteins and Pfeiffer’s previously mentioned funda- 
mental researches .seems at the present to be most serviceable. 1'he 
view of proteins as long-chained polypeptide structures of an extremely 
high molecular weight as promulgated by Emil Pischer’s classical in- 
vestigations has during the rcrent \ears been replaced by the concept 
of protein as consisting of simpler units of relatively low molecular 
weight, held together to a su|)ermolecular ^ructure by secondary 
valency, cohesion or similar forces. The organochemical view was 
inadequate in explaining the action of. protea.se and a number of col- 
loidal reactions. This new school of protein chemistry, whose advance- 
ment is intimately connected with the names of Stiasny, Herzog, 
Abderhalden and Bergmann, has received important experimental sub- 
. stantiations by the X-ray diffraction diagram of proteins, the molecular 
weight determinations of the same in phenol and particularly by 
Bergmann's “ synthesis C)f protein-like comixiunds from unsaturated 
diketo-piperazines, exhibiting marked affinity for tanning agents and 
dyestuffs, besides possessing the regular protein characteristics. The 
elementary cell of collagen from the X-ray diagram is reported by 
Herzog and Gonnell to indicate a molecular weight of not more than 
685, which value shows an excellent agreement with that of 750 deduced 
by Wilson from the data on the acid-gelatin system. These units 
^ form the colloidal micelle of a considerable '‘molecular weight.’' 

Pfeiffer has prepared in crystalline form, a number of definite 
molecular compounds between halides arid protein-prototypes, which 
physicochemical measurements .showed to exist as complexes also in 
solution. The stability of the.se complexes followed in a general way 

’ • “Organische Mol<-kulvrrbtn<liinscii." .StuttRart. 106-124 (1023); where complete litera* 

lure feferenceit are given also. 

Ind. Bug. Oum.. 17. 1162 (1926). 
hfMturwis:ifH$chaftfn, 13, 1046 (1025), 

; “fler.. 68B. 2228 (1926). , ^ ^ 

*• Wilaon, /. Am, Leather Chem. Assoc., 12. 108 (1917), 
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the Hofmeister series. great tendency of halides to form such 
addition coniix)unds by means of residual valency is probably one of 
the most important factors in the [xipttzntian o{ proteins and similar 
aggregated substances by salts. I he internal forces between the pro- 
tein constituents arc weakened by the partition of secondary valency 
forces to the neutral salt and a partial breaking u]) of the structure is 
the result. Sulfates do not form any such compounds and their action 
seems rather to be of the reverse nature tending to increase these in- 
ternal forces, assot'iating the ultimate units, as judged from the 
behavior of hide substance treated with neutral sulfates toward certain 
tanning agents. Michaelis has found that neutral salt can displace 
the isoelectric ixjiiit, which evidently shows that the same is not con- 
trolled only ])y the acidic and baj-ic dissociation constants of the 
])rotein. The great divergency in reported isoelectric points of several 
proteins, e.g., gelatin and collagen, is also prubably due to such sec- 
ondary valency effect influenced by the previous history of the protein 
(chiefly alkaline and acid treatments) as evident from the work of 
Wo. Ostwald and his collaborators on gelatin. 1'he neutral salt treat- 
ment of gelatin is not connected with any change in primary valency 
function of the gelatin as the primary amino-groups are left intact 
which is evidenced by the Sorensen formol value and the Van Slyke 
number remaining the same.*"’ From data to be presented in this paper, 
it is also indicated that the pretreatment with neutral salts does not 
involve primary valency forces, as the fixations of acids and alkalis by 
the various hide jKiwder s[K'cimens were independent of the salt treat- 
ment. It is thus jxi^sible to prepare by treatment of hide substance 
with neutral salt, series of proteins of different degree of aggregation. 
The behavior of such treated hide substance toward tanning agents is 
expected to contribute to our knowledge t)f the theory of tanning. In 
light of the above considerations, the reactivity of a protein may be due 
to (I I primary valency action of the elementary units, (2) secondary 
\alency, as corresponding to coordination compounds, ( 3 ) residual 
valency without any such numerical characteristics, to which cohesive 
forces also belong, corrcs])onding to Langmuir’s and Haber’s concep- 
tion of adsorption. Any sharp demarcation between the three types can, 
however, not be drawn at the present status of the nature of valency 
and atomic structure. The neutral salt treatment does not concern 
the first category but changes in the second and third factors are pro- 
duced. It is therefore expected that where a reaction by primary 
valency takes place the extent of combination must be independent of 
any such pretreatnient, and, on the other hand, it is ex[^cted that a 
combination of tanning agents with hide substance by means of sec- 

** Ostwald, Kuhn, and Bohme. K>>lioidchefH. lieihgfte, 20, 412 (1925). 

»* Stiasny, Dai Gupta, and Tresser, ColUgiunit 24 (1925). 
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ondary valency or surface forces will lie controlled by the state of the 
hide jxiwder in regard to its degree of aggregation, specific surface and 
secondary valency capacity. 


Experimental. 

100 gram portions of collagen in form of Standard Hide Powder 
was treated with one liter of molar solutions of a number of neutral 
.'alts for 14 days at room temperature {20 22 ° C.). The salts were of 
C. P. grade and their pH values in the concentration used were in the 
range of 5.6 to 6.0. A layer of toluene served to check any biochemical 
action taking place. The treated hide powders were washed free from 
salts, dehydrated w’ith 96 jkt cent alcohol and air-dried. 'I'he dry hide 
jX)W’dcr was then analyzed for moisture, ash and collagen. The ash 
content of the neutral salt treated hide iX)wders did not in any instauce 
appreciably exceed the value found for the blank, treated with water, 
which indicated a thorough washing of the hide i>ow(lers. The amount 
of peptized hide substance w%as determined in the filtered solution by 
the Kjeldahl method and includes products of widely dilTerent dis- 
[)ersities, hable I contains the ])ercentages of jx^ptized hide sub.stance 
on the total amount of protein. The portitms of hide [X)wder .soaked 
in solutions of CaCl_., TlaCh, Kl and KC'N.S were in the wet state very 
sticky and showed after dr\ing a blackidi ap)x^arance. The destructive 
action was in these instances very ]>ronounced. 


TABLh: I 


Peptizaion t)i Hiph 1 N»\.i>er hy Nkutkae Salts 
(14 days ircatinciU) 


Nature of Salt 
Solution 


Per Cent Loss of Hide 
Substance 


M Na.SO, 1.8 

“ NaaS,0, 1.2 

“ MgS04 1.6 

0.5 M K.SO4 3.8 

ILO 4.9 

M NaCl 7 8 

KCl 7.0 

“ MgCl. 9.3 

“ KBr 14.4 

Kl 10.8 

*• BaCb 14.8 

“ SrCb 21 1 

“ KCNS 24.2 

“ CaCb 31.9 


Increasing peptization for cations: Ca > Sr > Ba > Mg > Na, K. 
Increasing peptization for anions: CNS > I > Br > Cl > SO4, 
SaOs. 
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Poftions of hide powder equal to 3.00 grdnis of collagen were 
weighed into 500 cc. shaking bottles and 50 cc. HgO was added to 
secure complete hydration. An accurately measured volume of solu- 
tions of tanning agent, generally in 200 cc. portions, was added after 
6 hours soaking of hide powder and the bottles rotated for 48 hours 
at 20-21° C. The vegetable tanned hide powder was washed with 
distilled water until negative gelatin-salt test for tannin and negative 
ferric chloride test for non-tannins were obtained ' and then dried. 
Analysis of moisture, ash and collagen was carried out for the vegetable 
tanned stock, 'fhe difference was taken as irreversibly combined 
tannin and the amount of the same combined with 100 grams of col- 
lagen stated. The amounts of O.C >3 and collagen were determined in 
the chrome tanned product. The amount of CraOs fixed by hide sub- 
stance is given in terms of grams CroOs combined with 100 grams of 
collagen. The II -ion concentration of the original solutions was ascer- . 
tained electrometrically and these determinations also carried out in 
the solutions after finished interaction, where this was possible. Cata- 
. phoresis observations were carried out in a modified Michaclis apparatus 
employing M KCT. solution. 


RESULTS 


I, The Acid Binding Capacity. 

Portions of hide ixjwder equal to 1.80 grams collagen were treated 
under continuous shakings with 200 cc. portions of O.Ol N H2SO4 for 
24 hours. Equilibrium was established within this time, i'he pH values 
of the equilibrium solutions w^ere determined. 


TABLE II 


Hide Powder Treated w'ith 


pH at Equilibrium 


H,0 .. 
M Na^SO* 
“ KCI .. 

- KBr 
“ KNO 3 
“ KCNS 
“ KI ... 

“ SrCl, .. 
“ CaCb . 


2.62 

2.62 

2.62 

2.62 

2.62 

2.62 

2.62 

2.62 

2.62 


pH of 0.01 N HaS04 2.06 


The same specimens of hide powder showed identical fixative 
cajiacity, as measured by pH of external solution at equilibrium, in 
series with 0.1 N H2SO4 and 0.01 N NaOH, 
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IL Vegetable Tanning. 

The use of hide powder without any previous soaking was found 
unsatisfactory. Rather strong tannin solutions had to be employed to 
secure an excess of tannin in the exhaust and overtanning of the surface 
of the dry hide ju)wder occurred. Tliis wa^ |xirticularly noticeable for 
the hide ix)wders treated with solutions of C'aCl., SrCh, BaCL, KI and 
KCNS. Even when hydrated hide |)owder was employed in these 
instances a jxirtial overtanning of the surface was evident and the 
values of the fixed tannins are therefore only semi-quantitative. The 


TABLE III 


llEMIOtK E\rKA(T 

45.0 grams per liter total solids, pll of onginal sulution : 4.10. 


f I ranis Tannin 

Hide Powder Trcati d Combined with 1(X) 

with pll of Exhaust Grains Collagen 

M Na.SO, 4.40 40.1 

“ MgSCh 4 40 42.1 

“ (NH4).S04 4 41 49.8 

0 5 M K,SO* 4.41 51.6 

ITO 4 42 56.8 

M NaCl 4 43 62.0 

“ KCl 4.43 62.2 

“ KNO 4.43 59 3 

0 5 M KCIO, 4.43 61.6 

M .\1gCh 4.44 63.2 

“ KBr 4.44 65.4 

“ KI 4.46 73.8 

'* KCNS 80.4 

“ SrCh 4.48 76.6 

“ BaCh 4.48 80 3 

“ CaCh 4.48 78.9 


TABLE IV 


Hemlock Extract 


22.5 grams per liter total solids (at pll 4.20). 

Grams Tannin Eixed by 100 Grams Collagen 
at pH at pH at pH at pH 
Hide Powder Treated with 2.40 4.20 7.15 8.20 


U NaaSO* 40.2 30.1 38.6 14.9 

I GO 49.7 40.2 48.6 21.0 

M NaCl 50.2 41.6 50.4 28.2 

" KCl 49.8 41.2 50.0 24.6 

“ KBr 54.0 44.1 51.6 27.5 

“ KI 59 2 45.2 59.2 30.9 

“ KCNS 61.2 44.8 60.4 31.8 

“ BaCb 58.7 47.0 58.2 31.5 

“ CaCl, 58.4 47.8 60.8 32.8 
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tannin extracts employed were those of hemlock, sulfited quebracho 
and sumac. I’he findinj^s were similar fur all sjx?cimcns and the data 
from the hemlock series are therefore only reported as the most ex- 
lensive investigation was carried out with this extract. 

'fhe stock solution was decanted and filtered to remove the coarse 
srs|)ended matter. "J'he amount of total solids was determined in 
the original s()lution. Adjustment to different pll values was done by 
addition of N IlCd and Xa(_)Il. 

In some j)reliminary ex]K‘riments, the hide pow'der in 50 gram 
porti(jns was soaked with 500 cc, of salt solutions and 0.2 cc. 40 per 
(ciit formaldehyde added to present imtrefavtion. Such treated hide 
l^owder gave on the whole the same series as here de'>cril)ed, hut a note- 
w(U'thy exception in results was found for the Na^St )i-trcated stock, 
which gave only af)out a third of the tannin fixation found for the 
blank, 'fhe \alues for fixed chromium in the chrome exjx'riments with 
the hide ]>owdc‘r treated with neutral sulfates were also considerably 
lower than those obtained by tbe toluene-pi eser\ ed hide jx^wder. 

III. Chrome Tanning. 

'The basic suU'.'ites and chlorides of chromium arc the principal 
tanning agents emi)lo\ed in tbe manufacture of chrome leather. The 
coinpodtion of these som|M)unds is here stated in the per cent acidity, 
i.e., the per cent of chromium combined with hydrol\/able acidic groups 
on the total amount of chromium in practue, acidities from 50 to 
70 jicr cent are mostly encountered. C hroinium exists in these .salts 
principally as a ixisitively diarged complex and in the liquors here 
examined only a slight anodic migration was observed in solutions of 
acidities from about 50 to (>0 per cent immediately after prejxiration, 
but the same cea.sed u|Kin standing. 'The extremely basic salts (40-45 
per cent acid) exhibited a \ery pronounced anodic migration, of about 
the same magnitude as that of the cathodic, immediately after prepara- 
tion. The amount of electro-negative coniplex«*s decreased, however, 
very considerably iq>on standing in this case also, and after 3 to 4 weeks 
was hardly noticeable. More recent investigations have shown that 
certain negatively charged complexes jk^sscss pronounced tanning 
action and it has been indicated that the reaction between anodic 
chromium and collagen is of definitely different character than the 
cathodic chrome tanning process.’® So<lium-oxalato-chromate and 
sulfito-compounds were therefore studied in order to test this asser- 
tion. Chromium is present entirely in anodic form in both of these 
conqxmnds. The que.^-tion of the hydration of the hide powder is not 

*• Gustavson, J, Leather Chem. .Issoc , 21, 22 (1026). 
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of the same sij^^nificance in these series as in the vejTetable tanning, and 
anv overlanning does not occur with use of dry hide pc^wder except 
for extremely basic sulfate. The use of dry hide |X)wder is therefore 
justified. 


TABLE V 

40.0 Per Cent Adi) Chrome Liqitor 

(Prepared by ncutralixation of a 63 per cent acid chromic sulfate with NaHCO».) 
Concentratif)!) ■ 1.^4 f^rams Cr-Oi per liter, Liluted to this concentration 
immediately before the start •>f esperiment. Cataphoresis : cathodic and 
anodic of about equal maj.>nitn<le (3 j^rains h>drated hide powder* and 


cc. of solution). 





Grams Cr-jOs 


pi I of Final 

Combined with 100 

Hide Powder Treated with 

Exhaust 

Grams Collagen 

M Na,SO. 

3 32 

18.24 

“ Na..SA), 

3.34 

21.02 

M KClOa 

3.34 

22.13 

u,o 

3.35 

23.()8 

M NH 4 CI . ... 

3.34 

23.82 

“KCl 

3.34 

24.05 

“ NaCl 

3 35 

24.22 

“ MgCla 

3 35 

24 96 

“ KBr 

3 36 

26.45 

“ K1 

3.37 

30.84 

‘ KCNS 

3 39 

32.16 

“ SrCb 

3 36 

27.12 

“ BaCb 

3.36 

28..30 

CaC.b 

3 37 

29.84 

wciKbls of hide povNihrs komi in tin 

t.ildc'' arc on collaRcn 

basis. 


TABLE VI 


4.S8 Per Cent .\di» Chrome Liqi or 


(Prepared by adding NaHCO^ to a ()3 per cent acid chromic sulfate.) Concen- 
tration- 118 grams Cr/). per liter Diluted to this concentration immedi- 
ately before use. Considerable anodic migration. (2 grams dry hide powder 

-r 2(X) cc. solution ) r- r- n 

Grams CrjOs 
Combined with 100 

Hide I’owder Tnattd with Grams Collagen 


M Na..S(J4 .... 

HjO 

M KCl 

“ NaCl 

“ MgCb 

“ KBr 

“ KI 

“ KCNS . .. 

“ SrCb 

“ BaCl, 

" CaCb 


15.14 

18.00 

18.42 

18.23 

18.61 

19.48 

21.26 

23.64 

20.76 

21.11 

22.46 
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TABLE VII 


The Same Liquor But Four Weeks Old Solution 


Solution exhibited only a slight anodic migration. (2 grams of dry 
hide powder F 200 cc. solution.) 

Grams Cr-iOg 
Combined with 100 
Hide Powder Treated with Grams of Collagen 


M Na^SO* 

MvO .. 

M NaCl . . 
“ MgCh . 
" KBr .. 
" KI .... 
“ KCNS 
“ SrCU .. 
“ BaCh . 
“ CaCh . 


20.02 

20.37 

20.36 

20.41 

20.32 

20.16 

20.08 

20.32 

20.15 

20.02 


The same liquor diluted immediately before use was also employed 
on hydrated hide jKJwder and very similar differences in tanning fixa- 
tion by various hide ix)wders as reported in Table VI were obtained, 
which evidently shows that the results obtained are not due to the 
modUsS operandi employed. 


TABLE VIII 

63 Per Cent Acid Chrome Liquor 

Concentration: 14.0 grams CruOs per liter. Immediately diluted to this concen- 
tration before tanning. Only cathodic migration. (3 grams of hydrated hide 
powder ■+■ 200 cc. solution.) 


Hide Powder 'freated with 

pH of Final 
Kxhau.st 

Grams Cr-iOs 
Combined with 100 
Grams Collagen 

M Na.SO* 

2.95 

11.43 

H.O 

2.95 

11.56 

M NaCl 

2.95 

11.52 

“ KCl 

2.95 

11.58 

“ KBr 

2.95 

11.46 

“ KI 

2.95 

11.23 

“ KCNS 

2.94 

11.30 

•• SrCb 

2.95 

11.52 

“ BaCl, 

2.94 

11.36 

•• CaCb 

2.94 

11.19 


Similar results were obtained by a five- weeks’ old solution, employ- 
ing dry hide powder. 

The pure cathodic migration of the liquid used in the experiment 
cited in Table VIII was changed into a partial anodic by making the 
solution one-molar in Na..S 04 . The behavior of this liquor towards 
the highly i)eptized hide jxiwders was now similar to that of the ex- 
tremely basic freshly prepared liquors, showing a relatively increased 
chrome fixation, compared to the blank, for the deaggregated hide 
powders. 



TABLE IX 

A 63 per cent Acid Chrome Liquor was diluted immediately before^ the start 
of the experiment to contain 14.0 grams Cr*0* per liter and NaiS 04 added 
to give one-molar concentration. 2 gram.s dry hide powder + JOO cc. solu- 
tion. Cathodic and anodic migration. Time: 28 hours. 

Per Cent CrjOi 


Hide Powder Treated with on Dry Basis 

H,0 2.00 

M Na.S04 2.06 

“ KBr 2.27 

“ KCNS 2.58 

“ SrCl, 2.42 

“ CaCh 2.64 


TABLE X 

92 Per Cent Acid Chromic Sulfate 


Concentration: 13.1 grams CrjO. per liter. Cathodic migration. 

(2 grams of dry hide powder -f 200 cc. solution.) 

Grams CrjO* 

pH of Final Combined with 100 
Hide Powder Treated witli Exhaust Grams Collagen 


M Na.S04 206 2.97 

HaO 2.06 3.02 

M NaCl 2.06 2.98 

“ KI 2.06 2.93 

“ KCNS 2.06 2.98 

“ BaCla 2.06 3.04 

“ CaCl, 2.06 2.96 


The basic chromic chlorides have little tendency compared with 
sulfates to complex formation. A 69.H |)er cent acid chromic chloride 
was investigated. 

TABLE XI 

69.8 Per Cent Acid Chromic Chloride 


Concentration: 12.95 grams CruOa per liter. Cathodic migration. 
(5 grams dry hide powder -f- 200 cc. solution.) 



Hide Powder Treated with 

pH of Final 
Exhaust 

Grams Cr^Ot 
Combined with 100 
Grams Collagen 

u 

NajS04 

2.69 

5.08 


H,6 

2.69 

5.16 

M 

NaCl 

2.09 

5.13 

“ 

KCNS 

2.69 

5.23 


BaCl, 

2.69 

5.16 

“ 

CaCL 

2.69 

5.10 


The anodic chrome tanning agent sodium-oxalato-chromate, in 
solutions containing about 10 grams CraOa per liter, possesses its 
greatest combining capacity with hide iiowder in the isoelectric range 
^ of collagen (pH 5.0-5.5).*^ This interesting finding indicates the sec- 
ondary* valency nature of this reaction. 

GusUvson, loc. cU. 
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TABLE XII 

Anodic Sodium-Ox alato-Chkomiate 

Solutions were 6 months old and with established pH equilibrium. Concentra- 
tion: 12.5 grams OiOa per liter, pii of original solution: 4.97. Anodic 
migration. (2 grams of collagen as dry hide powder and 200 cc. solution.) 


Hide Powder Treated with 

M NauSO* 

H,0 

M KCl 

" KBr 

“ KI 

“ KCNS 

“ BaCh 

‘‘ CaCU 


pH of Final 

Grams CraO, 
Combined with 100 

Solution 

Grams Collagen 

5.06 

6.72 

5.07 

7.02 

5.07 

7.18 

5.07 

7.36 

5.08 

7.69 

5.08 

8.75 

5.07 

7.80 

5.08 

8.19 


TABLE XIII 
Anodic Sulfito-Compound 

Concentration: 11.3 grams CrA per liter, containing 3 NaaSO*; 1 CriO»; pH 
value 4.8.* Anodic migration. (2 grams dry hide powder + 200 cc. solution.) 


Grams CrjO# 
Combined with 100 

Hide Powder Treated with Grams Collagen 


M Na,S04 .. 

0.5 M K,S04 .... 

H.0 

M NaCl 

“ KCl 

“ KBr 

“ KI 

0.5 M K4(CN)J'e 

M KNO, 

“ SrCl, 

“ Bad, 

“ CaCl, 


16.84 

18.96 
20.83 
21.32 
21.48 
23.70 

25.96 
31.28 
22.45 
22.68 
26.30 
28.44 
30.62 


* The highest 
The quitihydronc 


ixjtential imme(liatcl> set up was taken ainl corrcspomls to this pH valiu*. 
cieetrode gave a pii \alue of 4.0. 


Stiasny has investigated the tanning action of chromic sulfates 
(chrome liquors) containing increahing amounts of sodium sulfite. He 
found that by this addition a gradual increase in the amount of electro- 
negative chrome complexes occurs and tke chrome fixation is also 
increased to a certain limit. This maximum is located where the 
proportion of 3 NasSOg to 1 CraOa is reached, and under these condi- 
tions the migration is entirely anodic. NagSOg was added in this pro- 
portion to the 63 per cent acid liquor which was thereafter diluted to 
contain 11.3 grams CraOj i>er liter. Solutions were “aged*' for two 

^•ColUgium, 41 (1926). 
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weeks. The niolecular-disj^ersed form of the original solution was by 
this addition transferred into a partially colloidal solution. I'his was 
evidenced by the gradually develoi)ed turbidity u^Km standing. 

An extremely basic sulfito-com|X)und was prejxired by pipetting 
100 cc. of a 34 per cent acid chrome liquor (prcf)are(l by adding 
NaHCOs to the 63 per cent acid stock liquor) iti a concentration of 
226.0 grams CroOa per liter into a solution of 113 grams Na..S( );r7l l-jO, 
diluting to 2 liters. A very viscous solution resulted. 

TABLK XIV 

2 grams hydrated hide powder -p 200 cc. of above solution. 

Time ; 48 hours. 

Grams CriO» 

Combined with UK) 

Hide Powder Treated with Grams Collagen 


H,0 2.63 

M Na.SO^ 2.39 

“ KCNS 3.67 

“ CaCb 3.48 


A number of exf^eriments were al.so ])erformed with hydrated bide 
powder, treated exactly the same as in the re|K)rtcd exjx^riments, with 
the exception of omitting the alcoholic dehydration. 'J'he re.sults from 
these series were similar to those here rejn^rted. 

Alum Tannage. 

Sodium bicarbonate was added to a highly concentrated alnminnm 
sulfate solution to form a .salt corre.s|x)nding in comix)sition to Ah 
( 0 H) 2 (S 04 ) 2 Na 2 S 0 ,. The resulting concentration was 30.0 grams 
AI 2 O 3 per liter. This solution was aged 10 weeks before use. 

TABLE XV 

Two grams hide powder were soaked with 50 cc. water for 6 hours. A quantity 
of 50 cc. of 66 per cent acid aluminum sulfate, .30 g/1 AbOa, was thereafter 
added. Time: 28 hours, pu of original solution (.300 g/1 AUOi) 3.55, 
pH of solution immediately after dilution (15.0 g/1 AbO*) 3.62. 


Hide Powder Treated with 

pH of 
Exhaust 

(jrams AbO» 
Combined with IOC 
Grams Collagen 

H,0 

3.72 

6.67 

M Na,SO* 

3.72 

6.16 

“ KCl 

3 72 

6.89 

KBr 

3.72 

7.09 

“ KI 

3.73 

7.85 

“ KCNS 

3.73 

8.14 

“ SrCb 

3.72 

7.87 

" Caa 

3.72 

8.15 
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DISCUSSION OF RESULTS 

The Dispergation of Hide Powder by Neutral Salts. 

The relative di.sf)ergatiiig cai)acity of neutral salts upon hide powder 
gives series which are practically identical with the Hofmeister^s. This 
widely different influence of neutral salts here found is not due, to 
variation in pH, as the H-ion concentration was as constant as can be 
expected in this pH region without use of any buffers, the use of which 
was, of course, out of the question. The different degree of peptization 
by the various neutral salts is instead a manifestation of specific ionic 
effects. Pfeiffer has shown that the increase in solubility of isoelectric^ 
glycine in neutral salt solutions follows a similar order, where the 
degree of stability of the formed secondary valency complex deter- 
mines the solubility. The dispergation of hide substance may there- 
fore in part safely he considered due to a breaking up of the protein 
aggregate into micelles, probably also leading to products of greater 
dispersity, by formation of such addition compounds between salts 
and degradation products or weakening of the intermolecular and inter- 
micellar forces. Similar lyotropic effects have been reported by von 
Weimarn in regard to the disi)ergating influence of neutral salts 
upon cellul()se and the order found was identical with that here observed. 

A similar explanation of this action may apply to cellulose and other 
aggregated structures. 

The reaction mechanism between acids and alkalies on the one hand 
and proteins on the other seems at the present to be in general firmly 
established as a salt formation of stoichiometric nature and the formed 
jirotein com^xiund might jireferably be considered as an ammonium salt 
in accordance with Werner’s theory. Simultaneously occurring col- 
loidal changes, e.g., of dis]x?rsity and degree of aggregation must, 
however, also be considered. That the stability of the inte^-nal struc- 
ture of the protein is affected by primary and possibly also by .sec- 
ondary valency reactions is not unexpected from the aggregation view- 
point of protein structure. In the pH range from 2.5 to 10.5, this 
salt formation is accounted for by union taking place by means of the 
amino and carboxyl groups of the protein. Hoffman and Gortner*® 
found in their extensive investigations of 14 different proteins in this 
respect that the quantity of acid and alkali bound by the protein in 
this range is controlled by the chemical nature of the protein. The 
ionic view is therefore justified in this instance. The peptide-linkage^ 
is probably involved at higher pH values. At extremely low and 

»• Von WpJmam and coUaboratora, Report* of the Imp. Ind. Research Institute, Osaka, 
Japan. 6, No. 10. 11-67, from Chetn. .Abstracts. 20, 818 (1926). 

Cottoid Siymposium Monograph, 2, 209-868 (1924). 
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high pH values it was found by these workers (hat the binding capaci- 
ties of the different proteins were the same, regardless of their chem- 
ical composition. An adsorption mechanism was therefore made prob- 
ably under these conditions. The acid and alkali binding capacities 
of the hide powder specimens treated with neutral salts are found to 
be independent of their degree of aggregation. The method employed 
is not strictly quantitative but the best available, as a direct determina- 
tion of the protein-salt comiwund cannot be carried out on account 
of the three phase nature of this system and the instability of the 
formed compound. The method employed is, however, in this case 
accurate enough to establish that adsorption forces of physical nature 
do not partake to any considerable extent in this reaction, in view 
of the very pronounced differences in comI)ining rate found for con- 
stituents of colloidal character. 

Vegetable Tannage. 

The fixation of vegetable tannin by neutral salt treated hide powders 
at the same pH and identical experimental conditions shows the fol- 
lowing order of increase. Anions; CNS > I > Br > Cl > H 2 O > 
SO^, and the cations form the series: Ca > Ba > Sr > Mg > K, Na. 
The same order is obtained in a pH range from 2.2 to 8.2. It has . 
previously been noted that great difficulty was encountered in securing 
a uniform tannin fixation of the hide powder exhibiting the greatest 
peptization, even in a perfectly hydrated state. This surface over- 
tanning (“case hardening”) is due to the increase rate of combina- 
tion caused, in its order, by the increase in specific surface and inter- 
molecular forces by the .salt treatment, and the surface layer acts as 
a screen for the diffusion of tannins. Therefore, it is not |X)ssible 
to draw any definite conclusion in regard to any particular pH- 
range or concentration of extract where the change in fixation, due 
.to the changed nature of the hide powder, is most pronounced. The 
difference between the blank and the hide powders exhibiting slight 
increase is too uncertain to .serve for this purpose. 

A number of theories have been advanced to account for the 
mechanism of the vegetable tannage. The only theory, however, which 
has reached a state where the speculative element is largely elimi- 
nated and to which is applicable quantitative treatment, is that pro- 
mulgated by Procter and Wilson.^' This theory is based u[)on the 
conception of the ampholytic nature of collagen and the application 
of the Donnan membrane equilibrium to behavior of proteins. The 
|X)tential difference .set up by the unequal distribution of ions in the 
gel and the bulk of solution is governed by the pH, if other factory 

•* /. /4»n. JLeathrr Chem. Assoc., 12, 76 (1917); /. Chetn, Soc., 100, 1827 (1016). 
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are kept constant. A minimum potential is located at the isoelectric 
point of the hide protein and the charj^e increases with decrease in 
pH until a maximum is reached at a pH of about 2. The tannins are 
negatively charged in this Il-ion range and the tanning process, to 
its nature a mutual co j)recipitation of two oppositely charged sys- 
tems, is to its extent controlled by the sum of the absolute values of 
these potentials. "J'he J’rocter-Wilson theory explains rationally the 
degree of tannin fixation as a function of Jl-ion concentration in this 
range and also the action of added substances upon the same prop- 
erty. Thomas and Kelly found, however, in one of their impor- 
tant investigations in this field that a considerable tanning action also 
is evident on the alkaline side of the isoelectric jx^int, exhibiting a 
maximum at a pJI of about 7. This fixation was not expected from 
the view of Procter and Wilson but the finding of Wilson and Kern 
of a sccrjiid isoelectric point in the vicinity of pH 7,6 was considered 
to account for this additional range of tanning. 'I'be existence of this 
second isoelectric |K)int is not yet definitely established and it has 
been considered that the same is fictitious, due to a biilTer action."* 
In case the existence of two isejelectric ]K>ints is true, the question is 
still o[)on if they are caused by interinolecular rearrangement by change 
in pT'I or if collagen consi.sts of two dilterent proteins. Several facts 
indicate, however, that the ITocter and Wilson theory does nut in- 
clude all factors, which coiitn)! the rate and nature of the vegetable 
tanning proce.^s. Thomas and Kelly "'* found that a considerable 
tannin fixation occurs at lower pH than 2 and greater than 7.6 where 
tannin and collagen ixxssess charges of ecjual sign, d'his finding is 
not clear from the electro-neutralization standi)oint. They also dem- 
onstrated that the hide ]X)wders tanned in solutions of pH > 5.0 are 
more resistant to the action of alcohol than those tanned in solutions 
of lower pH range.*"” I^xster found that deaminized hide powder 
shows an increased rate of tannin fixation in tlu* alkaline range with 
reference to the isoelectric ix)int, comixired to regular hide powder 
where, on the other hand, in the acid range the reverse is true. 'Hie 
concept of Procter and Wilson must therefore probably be supple- 
mented by other factors. The wide ditTcrence in fi.xation of tannin, 
which in some iirstances takes .‘•uch a considerable proportion as over 
100 per cent and which is very likely caused by changes in specific 
surface and intermolecular forces, leaves ample evidence that the 
vegetable tanning process is not as simple as would follow from the 
ionic theory of Procter and Wilson. The order of tannin fixation is 

Ind. Eng. Chetn . 16. 1148 (192.3). 

Am. Ch^m. Soc., 44, 2G33 (1922); see al.so Thomas and Kelly, ibid., 47 833 (1925) 

Atkin and DouRlass, .T. Soc Leather Chem , 8, 359 (1924) 

Jnd. Eng. Chem.. 15. 1148 (1923). 

“Thomas and Kelly, 7. Ind. Eng. Chem., 16. 81 (1924). 

“The Behavior of Deamini/cd Collajfen “ Dis.sertatioti, (^olumhia University Nfw York 
City (1925); Thomas and Foster, 7. Am. Chem. Soc.. 48. 489 (1926). 
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the same as found in the peptization series by the neutral salts. From 
the theory of Procter and Wilson the same rate of tannin fixation 
would follow, if the pH and other factors of the solution are kept 
constant. 

The slight difference in pH of the final solution after interaction 
is due to the different degree of fixation of tannin and cannot ex- 
plain the wide difference in fixed tannin found, 'fwo other reactions 
are probably going on simultaneously with the co-prec*i]>itation process 
(1) the increased surface action will increase fixation of colloidal con- 
stituents, (2) phenolic bodies of high disi)ersity react to form molecular 
comix)unds by means of the strongly induced .secondary valency field. 
The first factor is exjxxrted to be more pronounced at lower pH and 
with increase in concentration of the tannin .solution as the colloidality 
of tannin is here greater than in the alkaline range where phenolic 
bodies and ahso quinone-like structures are preponderant. The forma- 
tion of molecular and chemical com|>ounds must therefore be given 
more imix)rtance at higher j)H values. .\o definite conclusion in re- 
gard to the relative proportions of these three factors can be derived 
from the present data, for reasons previously pointed out. Moreover, 
the present status of our knowledge of valency and colloidal phe- 
nomena does not ]x?rniit the drawing of any sharp demarcation between 
these three, hypothetically advanced, processes. The following con- 
clusion is, however, with .safety permissible: "1 he vegetable tannage 
cannot solely be elucidated as an electro dejK)sition process but sec- 
ondary valency ami si^ecific surface forces play also a prominent role. 
The substantial evidences of the chemical nature of the vegetable 
tanning, accumulated by Thomas and his collaborators in their studies 
of collagen and structurally changed collagen towards tannins, cannot 
be disregarded. The same applies to the types of reaction here 
treated. The final solution of this problem must consider all these 
factors. 


Chrome Tannage. 

In light of the very intricate nature of the comix)nent.s in the 
one-bath chrome tanning process, it is not surprising to find that no 
one theory has met with approval by the many contributors to 
this field. From the one extreme of con.sidering the chrome fixation 
as a surface coating of colloidal chromic oxide to the other extreme, 
postulating this final compound as formed by a regular .«alt forma- 
tion in accordance with the stoichiometric law, are to be found a 
whole range of speculations and hypotheses, mostly derived from very 
incomplete and unsatisfactory data. The colloidal view, advancing 
the co-precipitation of the two opi)Ositely charged sy.stems of col- 



96 


COLLOID SYMPOSIUM MONOGRAPH 


lagen and colloidal chromic hydroxide, has not taken into considera- 
tion that chrcjine tanning is carried out in an acidic medium, and 
where also the compments are both jxjsitively charged. Ihe excel- 
lent tanning action of chromium compounds of pure crystalloid nature 
evidently shows that the colk)idal state of the tanning agent is not 
a criterion of a mineral tanning agent. 'I he origin of this view goes 
hack to investigations of the behavior of gelatin and the findings 
have been transferred to explain the tanning of collagen without any 
exj^erimental evidence being offered for this particular case. This 
explanation has lately been revived by Wintgen who has in a series 
of investigations of chromium hydroxide .sols added greatly to our 
knowledge of me staliility of comiilex colloid cations as a function 
of the composition of the inter-micellar solution, and their precipita- 
tion of gelatin, 'fliese last investigations, however, have lost in value 
by I: k of pll control. .Stiasny,-'* to whom we are indebted for the 
first national treatin' of the chrome tanning jirocess and al.so for 

more recent imixirtant contributions in this field, has in his more re- 

cent work stressed the iniiiortance of the Werner conccjit as applied 
to chrome leather problems. 1'he criterion of a mineral tanning agent 
is, according to Stiasny, the presence of replaceable aquo-groups in 
the coordinative sphere, whereby a secondary valency action is .se- 
cured. and further the presence of banc groups (hydroxo) which serve 
to facilitate condensation reactions, leading to products of semi-col- 
loidal or colloidal dispersities. According to .Stiasny, the mechanisn. 
of tanning consists in the formation of molecular compounfls probably 

through basic groups (»f the protein; and also, subseiiuent colloidal 

changes of the formed complex probably plav an important role. Thomas 
and Wibon interpret their researches in which the importance of 
physico-chemical methods and technic apidied to leather problems has 
lieen particularly enijihasized, as indicating the formation of pri- 
mary valency com]X)unds termed chromium-collageiiates. Tliis view 
of collagen acting as an anion on the acid side of the isoelectric point 
would seem at first to be contrary to l.oeb’s linding of the reactivity 
of proteins, but a slight activation of collagen as an acid in this 
pH range seems reasonable in light of the P>jerrum theory for the 
constitution of amj)holy(e.s, and the great insolubility of the formed 
chromium-collagen-comixmnd ex]>lains the gradual fixation of chro- 
mium. The objection rai.scd against Wintgen’s view is not here 
justified as the constitutional factor, and not the charge of the micelles 
of the protein is concerned as in the colloidal hyixithesis. An inter- 

Ctillt'oiiim. Nos 660, 667 (192.'>), where literature references are Ruen al«o. 
oUcuium, 3^7 (1008); 126 (1909); 95. 113 (192.1); anucn. Chem . 37, 913 
(1924): Stiasny, Lochmaun, and Meatiy, Collegium, 190 (192.')); Stiasny and Lochmann, 

“The Chemistry of Leather Manufacture,” 278-308 (1923). 

lljerruni, Z. physik. Chetn., 104, 147 (1923), 
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mediate hypothesis of chrome tanning as of dual nature, has re- 
ceived considerable exix'riincntal support.^" The fixation of cathodic 
chromium by collagen is considered to lx? an internal complex salt 
formation, in which primary valency is concerned. 'I'hc reaction 
mechanism of anodic chromium, the tanninj^ action of which Stiasny 
and the wTiter have investij^^ated. is best classified as a secondary 
valency complex formation, 'llie jiartition of .secondary valency by 
the basic j.jroup.s of the protein is jirobabl) also a very im|H)rtant fac- 
tor in the fixation of chromium cations, 'fhe reactivity of the acidic 
groups of the protein is induced by disturbance of the valcnc\ field, 
causing an activation of the protein. .\ number of experimental find- 
ings have demonstrated that a profound difi'erence in nature of cathodic 
and anodic chromium fixation really exists and the heha\ior of cer- 
tain complexes (oxalato) shows a close parallelism to the \egetable 
tannins, which also probably react chiefly with the basic groups of 
the collagen. That, however, a iinmary \alency function is not re- 
quired in chrome tanning is evident from the maximum chromium fixa- 
tion from this oxalato-compound occurring in the plT range .‘> 0 - 5 . 5 , 
the isoelectric zone, which fituhng besides a number of others cannot 
be reconciled with the concept of chrome tanning as a purely primary 
valency reaction in all cases, 'fhe final product was as |>erf(‘ctly 
tanned as the cathodic chrome tanned hide powder as m(‘asured by 
the water resi.stance test. 

The ])resent investigation brings out exactly the .same difference 
in nature of the two classes of chrome compounds. Independence 
of any .salt ]>retreatment of the hide ]X)wd(T is .shown in the chrome 
fixation by the various hide powders from .solutions, which show 
cathodic migration of chromium entirely. I'xtremely basic sulfates 
exhibit immediately after dilution, a \ery consi<lerable anodic migra- 
tion, in many instances of the ''ame magnitude as that of the cathodic, 
but upon standing the.se negatively charged com]>lexes are broken 
down and after 3 to 4 weeks the anodic migration has generally 
ceased. The data show that in freshly ]>repared solutions, the com- 
bining capacity of the various hide ]K)wders is dc]>cndent u]K>n the 
salt treatment and definite ion series corres|X)nding to fhe Hofmeister’s 
are evident. l>ut the same li(juor in c(]uilibrium shows t)ractically 
the .same value in Cr-^t )< for all hide ^xmalers. This was verified 
with dry hide powder for both series and it was found that any 
case-hardening does not occur as the same rate of increa.se is ex- 
hibited bv solutions made up immediately before use both for hydrated 
and dry hide fxiwder. The jxi-sibility of s])ecific surface reactions with 
colloidal constituents of the.se basic liquors must aK*} !)e considered. 

The tanning action of extremely basic chromic sulfate with col- 

*■ Gustavson. J Am. Leather Chem Assoc., 21, 22 (1026). 
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lokJal characteristics and possessing both electro-positive and electro- 
negative chrome complexes is in all probability due to (1) Primary 
valency partition I)etween chrome cation and anodic collagen, (2) 
Formation of molecular compounds between anodic chromium and 
collagen, (3) Adsorption of colloidal constituents. Ultra-filtration ex- 
jx;riments which are planned, will probably give more information 
regarding the second and third factors. 

Sulfito-complexos and oxalato-chromate illustrate the behavior of 
negatively charged chromium complexes, d'hc anions form the series: 
CNS > 1 > Hr > Cl > 113) > S() 4 , where the thiocyanate treated 
stock shows the greatest chrome fixation and the sulfate treated the 
smallest, d'he colloidal constituents of the aged sulfito-compound ac- 
centuate further the difference in obtained Cr^C );rvalues. A very good 
illustration of tliis dual nature of chrome tanning, in regard to cathodic 
and anodic complexes, gives the following example: 

The original 63 jkt cent acid chromic Milfale containing entirely 
chromium cations, gives the same values for Cr^O .-fixation in all 
cases, hut by addition of 3 mols Na..S(). to 1 mol of CrjO^ the 
complete formation of chrome anions is secured and the degree of 
disixjrsity is decreased and now the fixation dejiends upon the nature 
of the hide powder in regard to its secondary valency action and sjx^- 
cific surface forces, d'he pll value of the sulfito-com|X)und, 4.(S, is 
in the isoekvtric zone of collagen and the \ery pronounced chrome 
fixation in this case makes probable the secondary valency nature of 
the process. 

That the decrease in the degree of dispersity of the. chromium 
salt caused by the addition of sulufite, is not wholly responsible for 
the different behavior of the two lyiK's of comiKnmds toward the 
j>eptized hide tiowder, is shown by the data from the 63 |>er cent 
acid chrome liquor and the same liquor made molar in sodium sulfate. 
Colloidal constituents could not be detected by ultra-filtration through 
collodion membranes in any of these solutions. The partial forma- 
tion of chrome anions by the increase in SO, -anions must there- 
fore lie tlie underlying cause of the different rate of chrome fixation 
by the series of deaggregated hide j)owders. The same reasoning 
applies to the anodic oxalato-solution. 

Our present knowledge of the t><^ssihle reactions between chro- 
mium compounds and collagen may be summarized as: 

(1) Ionic reaction of cathodic chromium or chromium complexes. 
This primary valency reaction likely involves the acidic protein groups 
(carboxyl) and the result is an internal com])lex compound. 

(2) Sec'ondary valency reaction of anodic chromium complexes 
by means of the basic protein grouj^s. The formed chrome-collagen, 

**Gustav9on, Collegium, 97 (1926). 
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Qomplex is in type similar to the Werner inorganic anmiin-coni- 
jXDunds. 

(3) Colloidal constituents are fixed by means of si)ecific surface 
forces. 

The view that cathodic chrome fixation (the regular one-bath 
chrome tanning) of its nature is radically different from the other 
types of tannage, is supported, among many other facts, by the be- 
havior of differently tanned hide |H)wders to the tryptic digestion. 
The regularly chrome tanned hide jxjwder resists this action, where, 
on the other hand, the siKx'imens tanned with other agents, are 
digested.®* 


Alum Tannage. 

'I'he data from the (y() jier cent acid aluminum sulfate show that 
the fixation of Alj( by hide iKiwder de|>ends ujx)!! its degree of 
sgljregation, and the rate of Al-fixation by the neutral salt treated 
hide |>owders follows also here their degree of peptization, i.e., the 
Hofmeister series are applicable. The ctjrresponding chromium salt 
of the .^anie [xir cent acidity gives equal chrome fixation for the differ- 
ent sixjciniens of hide jxiwder. This different behavior of aluminum- 
aud chroiniiun-salts of corresiionding jier cent acidity is not un- 
exjxjcted as the tendency to formation of cationic micelles of con- 
siderable aggregation (“colloidal ions”) and electro-negative com- 
plexes is very much more pronounced for the former.'*^ Alum tannage, 
with experimental conditions similar to those in the cited exixin- 
ment, involves likely all these factors of reactivity, thus showing a 
parallel to the tanning mechanism of extremely basic freshly prepared* 
chrome liquors. 

The importance of the degree of peptization of the hide jxjwder 
in reactions with tanning agents of colloidal and .secondary valency 
nature has been further <lemonstrated by investigations, not yet ]>ub- 
lished, where a ju'etreatment of the hide powder with acid and alkaline 
solutions and sul)se(|ucnt tramference of such treated hide ])owder to 
the isoelectric state was carried out. It was found in an investigation 
of the behavior of formaldehyde treated hide powder toward tanning 
agents that the pH of the solution, in which this pretanning was carried 
out, radically influences the capacity of the final isoelectric product in 
regard to its combination with tanning agents. The formaldehyde 
collagen formed at lower pH values (6 — 8), exhibits less capacity and 
rate of combination with tanning agents where, on the other hand, the 
hide powder, treated with formaldehyde at higher pH values (> 12) 

Seymour-Jones, “The Hydrolyws of Collagen by Trypwn," Dinucrtation, Columbia 
(1923). 17-23; Thomas and Seymour -Jones. /. Ind. Eng. them., 16, lf)7 (1924). 

‘•Pauli, KolloidZ., 28, 4 (1921). 
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lias in general ^^rcatiT affinity for tanning aj^ents. 'I'hcsc findings 
focused the attcntifMi upon the changes in degree of aggregation of the 
hide protein taking ])lace with the formation of the collagen-salt. The 
data from the afore-mentioned series with jirctreatment at diffierent pH 
values further suh^tantiate the views here iiresented. 


Summary. 

( 1 ) The dispergation of hide powtler hy neutral salt solutions in 
molar concentratKjus at the same pll-and with other exjxirimental con- 
ditions the same, exhibits six^cihc ion effects. The Hofmeister series 
is shown to he valid. 

(2) 'the fixation of acids and alkalies is independent of the de- 
gree of aggregation of the neutral salt treated collagen. 

(3) 'I he combination <»f vegetable tannin with collagen under the 
same experimental conditions is largely a function of the state of the 
hide powder in regard to its .secondary valency activity and sjxiciiic 
surface forces. the vegetable tannage cannot be explained simply 
as an electro-neutrah/ation t>rocess. d'he Procter-Wilson concept of 
this process must he supplemented hy other factors. The formation 
of secondary valency and adsor])tion compounds is made probable. 
Hide iMjwder treated with neutral sulfates shows diminished capacity 
of tannin fixation. Neutral halide treatment of the hide powder leads 
to an increased rale of combination with tannin. 'I'he order of 
fixation by the different specimens is identical to the Hofmeister 
.scries. 

(4) d'his investigation adds further support to the view of the 
one bath chrome tanning process as carried out in practice, as being 
essentially a reaction involving primary valency. ( athodic chromium, 
in the form of chlorides and sulfates, gives practically the .same chrome 
fixation for all specimens of hide [Kiwder, inde]>endent of its previous 
history. 

(5) 'Fhe anodic chromium compounds, of oxalato- and .sulfito-type 
have hecn investigated. 'I'licir reactivity with collagen is a func- 
tion of its degree of aggregation, and the order of increase of the 
fixed Cr.Oa is represented hy the Hofmeister series. The colloidal 
nature of certain negative comtilexes is probably a .supplementary 
factor in this mode of tanning. I'he secondary valency nature of the 
anodic chrome fixation is made probable and the view of the dual 
nature of the chrome tanning process has received further sub- 
stantiation. 

(6) Extremely ha.'-ic sulfate liquors in fre.shly prepared state ex- 
hibit also s^xicific ion effects in their reactions with neutral salt treated 
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collagen. In this instance, the reaction niechanisin may he considered 
to be due to 

(a) A primary valency reaction between chrome complexes 
or |X)sitively charged micelles and the carboxyl group of the 
protein. 

(b) Formation of molecular comjHHinds by means of the 
basic protein groui>s with the complex chromium anions. 

(c) Processes of pure ‘‘adsorptive nature’’ controlled by 
the s]>ecific surface |K)tential of the hide i^)wdcr. 

(7) Basic aluminum sulfate, in its rale of combination with 
skin protein, is controlled by the state of the same. The mechanism 
of this reaction .seems to be similar to that of the extremely basic 
sulfate liquors. Primary and secondary valency forces together with 
adst)ri)ti\e forces probably occur simultaiRMmsly. 

(8) Pretreatment of hide ]R>wder with acids and alkalies alTects 
the reactivity of the hide powder in a very similar manner to that 
found in the treatment with neutral halides. 

Laboratory of Wbden-Lord I'anning Co., 

Danver'^, Mass. 



OHSiCRVATlON'S OF TIIF. COLI.OIDAL IJEHAVIOR OF 
AOUFOUS GF,FAT1N SYSTEMS 


lu.MKR (). IVR\EMRR 

In the face of conflicting views, opinions and hypotheses, the most 
certain inference to be made concerninj^ the varioifs interpretations of 
protein behavior is that they all lack an indisputable basis and com- 
plete substantiation; as a corollary, it is safe to conclude that, first, 
more information and data, and secondly, a more general and com- 
prehensive viewiKjint in attempting inter])retations are recpiired. It 
is our intention to present preliminary results which, when completed, 
may be found useful in obtaining a more ade([uate grasp than we 
now iK)ssess of the j)hysico-chcrnical behavior of j)roteins and other 
materials detxjrting themselves similarly. The spirit of the studies* 
is one of willingness to recognize the straightforward chemical fea- 
tures as well as those features which in general are evident in and 
assumed to be characteristic of polyphasic or di^i>erse systems. In 
the present paper, gelatin is the subject of attention, not only since 
it is a typical protein, but also because of its capacity to form gels 
like many heterogeneous or disi)er.se systems. 

Ligiit-Sc'atterino Cai’.xcity ok (iKL.xTiN Systems 

The tyndall efTcx't or hght-j-cattering caj>acity is one of the most 
characteristic properties of disix.*rse or colloid systems; studies of the 
tyndall effect therefore should give rather direct information con- 
cerning the strictly colloid behavior of jmitein systems. Two of 
the many variables uixm which the magnitude of the tyndall effect 
in gelatin systems is strikingly dependent are temperature and H-ion 
activity (pH), 'khc influence of these two factors upon the tyndall 
effects in a number of gelatin systems is di.scussed below. ^ 

De-ashed Gelatins: 

Iti Figure 1 are shown the relationships between pH, tem|>erature 
and the light-scattering capacities of 1 per cent ( 1 gram vacuum 
dried gelatin in 100 cc.) gelatin systems made up from stock de-ashed 

‘These studies were mnde with the cooperation _ of Mr. Dexter and will be published in 
greater detail elsewhere. The tyndall effect ctirvc in Fig. 13 is frPm recent work with Mr. 
G. H. ;fbseph. 
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by Eastman Kodak Company, At temi)eratures gf 40-50° C., when 
the gelatin is in a sol condition, the tyndall effect is not great and is 
almost indejwndfnt of tenii)erafure and ]>H. A slight hump ap|>ears 
in the region about a pH of 5. At these temix^ratures, a constant 
intensity of scattered light is attained practically as soon as tliermal 
equilibrium. At lower temperatures, which bring about gel forma- 
tion, there suddenly apjx^ars an extremely pronounced maximum at a 
pH of 4.95. indicating a maximum in the precipitation tendency under 



Fig. 1.— Influence of pi I and temperature upini the tyndall eflect of 1.0 per cent 
de-ashed hide gelatin systems. 

these conditions. Below pH 4.5 and above pH 7.5, the curves show 
no change in tyndall effect as the temperature is lowered to 17° C. 
Without doubt, this maximum locates the isoelectric ixiint of the gelatin 
in spite of the fact that pH 4.7 is usually quoted for this point. 

The .suddenness with which the intensity of the scattered light rises 
for a change in pH of a few tenths of a unit is i)articularly .striking 
and noteworthy. At 17° C., the tyndall effect increases at least 400 
per cent for a change of 0.03 pH (4.87-4.90). No simple relation- 
ship is revealed between this behavior and the combination of gelatin 
with acid or base, or the dejiendence of cataphoretic mobility ujxtn 
pH.* In a 1 per cent gelatin system, as little as 0.(X)1 N HCl is suf- 
ficient to remove the striking tyndall effect and the precipitation tend- 
ency by the formation of “solution units” with a low light-scattering 
capacity. It is commonly recognized that the ease of precipitation of 

• Private communication from Dr. Vearey. 
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f'ehitin hy tnearis nf alt'ohf)! siniilarlv rlcTrcascs vcrv^ raj)i(lly as one 
leaves the isoelectric point. 

In connectioti with the fiehavior of i^elatin at a pi I near 8, and a 
|x)ssil)le ‘'second is(ielectric point’’ ' it is of interest to note that a 
slight hut distinct hump in the tyndall effect — i>H curve api)ears at a 
pi I ca 8 shortly after the tem|K*rature is lowered to 17° C. Upon 
a»inj(. however, the tyndall effect at pH’s between 5. and 8. ^n'adually 
increases, leadinj^ to the disa]>pearance of the hump. The increase in 
tvndall effect in the iK'i^hhorhond of pi I 5. may extend over con- 
siderable time, hut at 17° C. the chanj^e was slight between the 24th 
and 75th lunirs. 

The discrepance in the ])1 1 of the isoelectric point i^iven above 
and ibe value usually (juoted (4.7) raises the cjuestion as to the ex- 
istence of a unifjue molecular s|x*cies which can be called i^elatin. If 


TAbbl- I 

ThK IsOEI.Kt IKK PolNIS OK l>h-\s||H) (in.. MIN’S .\S DnERMINKIl BV IIIK pH OF 

M \ X I M e \i 'lA N II \i I. I^F^'l•:( t 


|{astman A 

b'u'stm.m \' 

hastman B 

Eastman C 

pit 

Tvn. 1- tT. 

pH T>n IHf 

pit 

Tyn. !•: (T 

pn 

Tyn. F'.ff. 

V4.65 

1.62 

4 92 13 8 

-188 

4 1 

4.92 

13 4 

4.87 

2.59 

V4 97 18.8 

4‘X) 

9 3 

4 96 

14.3 

4.<X) 

4.95 

5.03 

11. 1 

129 

10.6 

5'(H) 8 3 

5(X) 
V 5 03' 
5 13 

11 5 

5 9 

0 86 

'5 02 
V5 16 

10.6 

5.3 

5.10“ 

9,7 






5.12 

6.7 







Silver 

Label 






De-ashetl 


f)ssein 

(ielatin 



pn 

Tyn. EfT. 


PH 

Tyn. K(T. 



4.fX) 

1.90 

V4 80 




4.97 

10.6 


4<X) 

0 49 



V5.0I 

14 3 


5 (K) 

2.9 



5.07 

0.80 


5 30 

10 6 



5.48 

.24 


5.52 

13 9 






5.90 

84 






7 25 

0.34 



Vpn of I per cent system without adfkal acitl or alkali 

ihiderscored jm dclmes the isoelectric point within hnnt.s of errors. 

lya.stmaii A and C’ were de-ashed h> h'astmau Kodak Comnany by washing 
and precipitation of the gelatin 

Ea'^tman B was de-ashed hy electrodialysis of the molten gel by Eastman 
Kodak Company. 

Eastman A' and Silver Label were de asheil by Dr. Ralph Mason by elcciro- 
(lialysii». without tncinbrancs, of a U) per cent gel at 5'’ C. 

Ossein gelatin yva.s c.xtracted helow’ 00° C. from purified ossein furnished by the 
Hammond (_^rganic Products Co. and de-ashed by Loeb's washing method. 

• Cy. Kractner, J. phys. Chem., 29. 410 (1025) Cf. Kraenier and Fansdow, J. phys. 
Chem.. 29, 1169 (1925). 
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gelatin systems contain a single clu inical entity with definite properties 
uniquely determined by the conditions under which it exists, it should 
be characterized by a uniform and constant isoelectric tH)int. The 
sharpness with which the maximum tyndall etTtvt apiiears at the iso- 
electric points presents a very convenient and accurate method for 
determining this point. 'I'he results of the api)lication of the method 
to several specimens of de-ashed gelatins are given below. 

For the first five (hide) gelatins, the maximum tyndall effect — 
and therefore presumably the isoelectric juiint- is located .at jirac- 
tically a constant pll (4.95-5.01) in spite of great dilTerences in gel 
strength. Kastman !>, for instance, behaves like a very low grade 
gelatin. The isoelectric ixfint of the ossein gelatin, on the other hand, 
falls at Jill 5.5 (the Il-ion .activity being less than one-third as great 
as at the isoelectric point of the hide gelatins), h'urthermore, the maxi- 
mum in the tyndall eiYect — pH curve is broader and flatter than in those 
shown by the hide gelatins. 

Table I shows also that the Kastman gelatins and the ossein gel- 
atin are not in the isoelectric condition, but contain a trace of acid 
or ba.se. Removal of the excess acid or base does not change the pll 
of maximum tyndall effect (cf. Kastman A and A'), but tends to 
give rise to a still shar|>er maximum. The commercial Silver Label 
gelatin containing ash gives a maximum tyndall effect at the same 
pH as does the de-ashed Silver Label gelatin. J'.Iectrodialysis as a 
dc-ashing procedure is therefore without infiuence uiMin the isoelectric 
IX)int of the gelatin. 

Commercial Hide and Bone Gelatins: 

Since the isoelectric jMjint^ of the commercial and de-ashed Silver 
I^ibel gelatins are identical, it seems possible that the normal ash 
has a negligible infiuence ui>on the jill of maximum tyndall efTect. 
In Figures 2, 3 and 4 are gi\en data on the isoelectric ]K)ints of vari- 
ous commercial gelatins. l).ata fixing the isoelectric jK)ints of a series 
of calf-skin gelatins representing .successive extractions of the same 
raw st(xk are given in h'igure 2. In s)>ite of considerable difTerences 
in quality and gel .strength, the isoelectric jxjints of the members of 
the series fall at pH’s between 4.^.X) and 5.00. 

Figure 3 shows however that the highest grade member of a series 
of Delft bone gelatins behaves rather like the de-ashed ossein gelatin 
already described, for the maximum tyndall effect appears at pH 5.5. 
Succeeding members of the series show a pH for the maximum tyndall 
effect (and isoelectric ixiint) shifting toward a value of 4.9. In this 
series, the intensity of the tyndall effect also decreases with decreas- 
ing quality of gelatin. 



Intensity of Scattered Light j Intensity of Scattered Light 
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In Figure 4 are given the data for the isoelectric points of vari- 
ous other gelatins. A third extraction (above 80° C.) of the purified 
ossein yielding the de-ashed ossein gelatin mentioned alx)ve, shows an 
isoelectric point at pH 4.85. The form of the tyndall eflfect — pH 
curve resembles those for the hide gelatins. A particularly inter- 
esting specimen is the pigskin gelatin with the isoelectric ix>int near 
pH 8. 


oat not tMon lo* rmui 



« > 0X4 ^ «t4 e • 1 or. 


l''u; 4. — Isoelectric {xmiUs of various gelatins as sliown l»y tlie pH of maxinnun 

tyndall effect. 

It ai>pears, therefore, that the term “gelatin*’ is applied to mate- 
rials differing considerably in their behavior, even with res|)ect to a 
proi:)erty like the isoelectric jx)int which is usually thought to be dis- 
tinctive and unique.^ This fluctuation in the isoelectric jxnnt sug- 
gests either that “gelatin’’ consists of an unknown numlter of un- 
known chemical substances or that the so-callcfl isoelectric point of 
such material does not bear the relation to the chemical character 
of the material which is implied in the application of the theory of 
ampholytes to its behavior. In any case, the absence of a single 
demonstrable chemical entity ]>laccs great difficulties in the way of in- 
terpreting the chemical and physico-chemical behavior of such sub- 
stances. 

Gelatin Mixtures: 

It is sometimes suggested that the “.second isoelectric point” of 
gelatin is due to the presence of an imx>urity the isoelectric \K)\nt of 
which gives rise to the “second i)oint.” 1'he iKJssession of various 
gelatins with various isoelectric jx>ints makes it i>ossible to deter- 

♦Gernifros* and Bach (Biochem, Zett , 14S, 542 (192.T)) have also found that the 
isoelectric points of various gelatins fluctuate between pii 4.5 and 6.6. For them, the 
higher pH’s were shown by hide gelatins. 
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mine whetlier such mixtures actually reveal double isoelectric points 
corresponding^ to their comjxiMtioiis. In h'igures 5, () and 7 are j;iven 
data for the ap|)arent isoelectric |>oints of various mixtures as deter- 
mined by the influence of pH uixni tyndall etYect. It is evident that 
double isoelectric points do not occur. Instead, a maximum tyndall 



l__p,^skin II— SO'.J I’lK^kin MI— 10% Pigskui 

7—T>iulall clTccts in nuNliircs of calfskin and piKskin gelatins, 

etYect, maximum i)recipitation tendency and a])])urent iMieleclric point 
api>ear at a pi I intermediate between those of the two components. 
In general, the comiionent with i.sfxflectric ]M>int near pH 5 is more 
cfYectivc — on the basis of relative masses - than the other compo- 
nent in determining the ]>H of the maximum for the mixture. I'lius 
in Figure 6, the maximum tyndall etYect in a mixture containing 90 
])er cent of bone gelatin is but slightly ditTerent from that of the other 
component. Mixtures of calf and pigskin gelatins behave similarly 
(Figure 7). Any gelatin s\stem may likewise consist of an unknown 
number of components without revealing the fact in such an examina- 
tion. Theoretical considerations, therefore, which are based upon the 
assumption of the existence of definite and uniform gelatin molecules 
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as units in aqueous gelatin systems would appear rather artificial and 
formal. This is also true of other protein systems — as of casein — which 
there is good reason to believe are also heterogeneous systems."' 


Optical Activity and the Resistance-to-Shear of Gelatin 
Sy.stems ^ 

In connection with the tyndall effects of gelatin systems their capacity 
to form gels should also he considered. In general, the formation 



Fig. 8.—Itifluence of pH and temperature upon the specific rotation of 0.47 per 
cent gelatin systems (de-ashed). pH’s adju.sted with acetic acid and sodium 
hydroxide. 

of a gel may be considered as the result of an incomplete or unsuc- 
cessful precipitation of a disperse phase from a colloid system.^ If 

• Cf. LindMrom-Lang, Compt. rend. trav. lab. Carlsberg, 16 (1925). 

• These investigations were made with the cooperation of Mr. John R. Fanselow and will 
be published in greater detail eiaewhere. Cf. J. phvs. Chem , 29, 1169 (1925), 

» Cf. J. phys. Chem., 29 , 1.523 (1925). 
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this general view is ajjplicable to gelatin systems, a close relationship 
should exist bet^yeen gel formation and tyndall effects. The work 
of C. R. Smith * has suggested that a rather intimate connection ex- 
ists between the optical activity of gelatin systems and their caj^acity 



Fig. 9.— Influence of pH and temperature upon tlie specilic rotation of 0..M per 
cent gelatin systems. pH’s adjusted with acetic acid and sodium hydroxide. 
Mc'asurcments were made through a short tube in order to oljtain readings 
near pH. Curves are for 15°, 20° and 40° C. 

to fonn gels, but a systematic study of the dependence of optical activ- 
ity upon tem[>erature and pH has been lacking. A comparison of 
the influence of pH and temperature upon the tyndall effect, optical 
activity and gel strength or resi stance- to-shear reveals a number of 
interesting and surprising features. 

•/. Am. Chem. Soc,. 41, 135 (1919). 
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In iMj'urc 8 may he seen a ^^raphical presentation of the relation- 
ships between tenijHTature, ])II and optical activity of 0.47 |x^r cent 
de-ashed j^H'latin systems, the pll’s heinj^ adjusted by the use of acetic 
acid and ‘■(xlium hydroxide. Dejiendin^ upon the temperature, the 
('ur\es show one of two forms. .\t 27 VA G. or lii^^her, there is a 
minimum siH*cific rotation at ]>n 5 and pll 8-0, Init no j.^reat \ariation 
with pif 1’he form of the curve suf^"}.(est.s a relationship to the com- 



bination curve and those properties t(» which the equations of the 
nonnan membrane eejuilibrium have been at)plied. At 25° C. and 
lower, the curves take on an entirely different form. In the re^^^ion of 
the two minima at higher temiRTatures, the temi^rature coefficient 
becomes relativelv great and the minima are replaced by maxima ex- 
cept in a very narrow region near pM 4.95 where the sudden rise in 
tyndall effect takes place. At tliis point, the precipitation tendency 
is so pronounced as to cause either a turbidity preventing observa- 
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tions of optical activity or — if a thin layer is used — an actual mini- 
mum in si)ecific rotation (cf. Fij^ure ^)). With decrea^in‘^ tempera- 
ture, the specific rotation and jj^el-fonninj^ tendency increase in the 
rej^ion between pll 5 and 8, jxirtiallv inaskiiij^ the minor maximum near 
1)H 8. 

The jxirallelism between optical acti\ity and ^el formation is illus- 
trated by Figure 10 in which the deiKuidence of resistance to-shear 




0 12 


3 4 5 

pH 


FiCf. 11. — Influence of pH and teniperalure upon the six-cific rotation and relative 
rcsistancc-to-shear ( >>el streiiKtli) of 0 38 i)er cent gelatin systems. pH’s 
adjusted W'ltli IK'l 


uj)on 1)11 and temperature is shown, 'fhe maximum gel strength ap- 
jxjars on either side and very near to the optimum iirecipitation |X)int 
or isoelectric ])oint, illustrating the general rule that gel formation 
takes place under conditions which are just adjacent or iKiundary to 
those leading to readiest precipitation or coagulation. Over a narrow 
region at the isoelectric point at jiH 4.95, the gel formation is small;” 
the sharpness of the minimum at this point resembles closely the 
maximum in tyndall effect at the same pH. 

•Contrary to the usual a.'wutrirlion. Scr for instance- Michaclis and Nakashirna, lUochem. 
Zext., 143, 484 (1923). The Mxlden i iiaiiKc in conditions at this critical jiomt apiiears to 
have been overlooked by Gerngruss and Bach in the paper already mentioned 
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The range of pH attainable with acetic acid is of course more 
limited than with stronger acids. With hydrochloric acid, the influence 
of pH’s as low as 0.5 can be observed as shown in Figures 11 and 
12. h'or pH’s above 2.5, the curves of specific rotation and re- 
sistance-to-fiow with hydrochloric acid parallel those with acetic acid. 
However, below pH 2 5 and at low temperatures, a new and en- 



tirely unexpected phenomenon api^ears in the form of another region 
of high specific rotation and great gel strength at pH 1-1.5. Even 
at the higher temperatures, there is a distinct suggestion of irregu- 
larity in the cun^es at the low pH. At intermediate temperatures, 
the gradual and continuous transition from the high temperature type 
curve to the low temperature type is evident. The appearance of this 
fourth region of gel formation completes a certain symmetry in the 
behavior of gelatin with respect to pH, the center of reference being 
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the point of maximum tyndall effect at pH 4.95 for this particular 
gelatin. On either side and immediately adjacent to this point are 
two regions of gel formation. Then on either side and at a distance 
of about 3-3.5 pH units appear two more regions of gel formation 
near pH 1-1.5 and near pH 8.5. Figure 13 shows that the gel forma- 


ts. ISO. 
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Fig. 13. — Relationship between precipitation tendency (as revealed by the tyndall 
effects) and rcI strength. The tyndall effect curve is taken from recent un- 
published work with Mr. G. H. Joseph. 

tion at low pH is also assfx:iated with a maximum tyndall effect or 
a iirecipitation tendency, but no more congruent with it than are 
tyndall effect and gel formation at pH 4.95. Although hydrolysis of 
the gelatin is hastened by pIFs as low as 0.5-1. 0, the decrease in 
tyndall effect, specific rotation and gel formation below pH 1 is not 
due to hydrolysis ; the hydrolysis, even at this pH is sufficiently slow 
to allow the reversibility of firopertics to lie shown upon increasing 
the pH again. 

Figures 14 to 17 show similar curves for hydrobromic, citric, 



specific Rotation 



l ‘(', 14.- Influence t)f pH ainl tenipei.itnre upon tlie sjiecific rotation and gel 
stren^tli (relative resi'.tance to .shear) of 0 d«S per cent gelatin systems con- 
taining Illlr. 

330 , y , ^ — , 



Fig. 15.— Influence of pH and temperature upon the specific rotation and relative 
resistance-to-shear (gel strength) of 0 30 per cent gelatin systems containing 
citric acid. 



Specific Rotation 
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pH 


I'K !()- IiiflucMicc <)l pi I and li*nipcratuie \\\nm the ^pevitic rnt.ition and 
'strcMiKth (relative reM^tanee ) .'f O.^o pel cent Kclatin systems con- 

taiinnj’ oxalic acid 



Imp 17 —Influence of pll and temperature upon the specific rotation and gel 
strength (relative resistance-lo-shear ) of 0 38 per cent gelatin systems con- 
taining sulfuric acid. 
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oxalic, and sulfuric acids. The general relations remain the same, 
particularly with respect to the parallelism between s|}ecific rotation 
and resistance-to-shear. Hydrohromic, oxalic, and sulfuric acids all 
give the niaxinium gel strength and specific rotation at low pH. The 
breadth of the maximum is distinctly greater with sulfuric acid than 
with hydrochloric acid. In the case of citric acid, the maximum at low 



Img. 18.— lartuencf ot i>H (IlCl used) and temperature upon the specific rotation 
of the tecluncal hide Kclatin fiom which the de-ashed material was prepared. 
C uncentration-~0.375 per cent. 

pH is lacking probably because of secondary effects arising from the 
excessive concentration of citric acid necessary to attain a low pH. 

That this curious behavior at low pH is not due to modification 
of the gelatin during purification and de-ashing is shown by the 
curves of Figures 18 and 19 for two commercial gelatins containing 
the normal ash and impurities These show a negligible influence 
upon the pH’s at which maximum and minimum appear. The pigskin 
gelatin with isoelectric point at pH 8 also shows the maximum spe- 



Specific Rotation 



Fig. 20.— Influence of pH and temperature upon 

cent pigskin gelatin systems containing HU and NaUH. 
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cific rotation at I(jw pH as may be seen in Figure 20, The usual 
behavior near pi 1 5 is suggested at 40° C. but is totally lacking at 
low teinixTatures. 'Hiis gelatin remains anomalous with respect to 
specific rotation at pH S. 

'I he similarity of gel formation in gelatin systems with gel forma- 
tion in (lisjRTse systems in general, particularly with respect to the 
influeive of prcvi(nis history, is illustrated by Figure 21. The strength 
of a gel formed at 15° ( i. greater than one fo-ined at 20° C. for 


r/i' 



»1— liiriuonco of thcmial upmi iho }>t‘l strengths of 0 38 per cent 

gelalin s\ stems containing \arions <|uantities of h\ drohronne acid. Total 
age in each ea'^e is 48 hours Changes m temperature were made at the 24th 
hour 15^’ 20'’ means 24 liours at 15° following 24 hours at 20"C. 

the conditions represented by the figure, and yet. when the total 
history is s])lit between one period of 15° after a i)eriod of 20°, the 
gel strength is actually much greater than in the gel kept continuously 
at 15° On the other hand, if the lower temperature jieriod precede 
the higher temiierature period (20°-15° (\), the gel strength is even 
less than that of the gel continuously at 20° C, 
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These facts and observations, it is believed, illustrate the claim 
made at the beginning that more information and data are required 
for understanding tlie colloid behavior of the jn'oteins. Kven a mate- 
rial like gelatin, as much studied as it has been already, may still be 
made with a simple technic to reveal a l)ebavior entirely unexpected 
on the basis of current views and theories. A slavish attachment to 
such views and theories therefore t)revents the dii-covery of important 
facts. 

Colloid Laboratory, 

University of Wisconsin, 

^^adison, Wisconsin. 



MASS ACTION EI'FCCTS IN THE INTERACTION OF 
GELATIN AND ACIDS 


By W. K. Lewis and C. F. Daniel 

In treating the interaction of gelatin with acid, Procter ^ and later 
Procter and Wilson - claim that the phenomena follow the Ostwald 
hydrolysis equation for a monoacidic base, 

f-y/{y + k), 

where / is tlie fraction of the total base in the solution which has 
combined with hydrogen ion, y is the hydrogen ion concentration and 
k is the hydrolysis constant. Junding that the data did not accord 
with this eipiation for monoacidic base they concluded that the base 
must be diacidic, in which case the e(|uation has the form, 

f = y/{y + kv) + y/{y + h), 

ki and being the hydrolysis constants of the two basic groups. They 
do not discuss the justification of applying this equation to a material 
such as gelatin, hut from a study of this part of their article it would 
seem justifiable to infer that they really consider gelatin as a diacidic 
base. Since they give its equivalent weight as 839, this would corre- 
spond to a molecular weight for gelatin of 1678. However, from 
the other work of these authors it seems unlikely that they would be 
willing to accept this particular conclusion. 

Jf the mass action concept is to be applied to gelatin, it seems 
imperative that one start with the assumption that gelatin is a mate- 
rial of very high molecular weight. Since all the data indicate that 
its equivalent weight is relatively low, there must be a large num- 
ber of basic groups [ler molecule of gelatin. The following treat- 
ment is based on this assumption : 

NOMENCLATURE, 
a == mols gelatin per liter. 

w ^ number of amino-groups per mol of gelatin. 
y = hydrogen ion concentration. 

n — the number of the particular amino group in the gelatin molecule 
under discussion, starting with the strongest and numbering in order 
of strength. 

»/. Ckem. Soc., 106 , 818 ( 1914 ). 

109 , 807 ( 1916 ). 
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St ^ concentration of positive charges due to combination of strongest 
amino'group with hydrogen ion. 

St == same for second strongest amino group, etc. 
sio same for weakest amino group. 

.3 = concentration of positixe charges due to all amino groups combined. 
3 equivalents of gel;\tin per liter ~ Ou?. 

/Ci= hydrolysis constant of strongest amino group. 

Kt =* hydrolysis constant of second amino group, etc. 

Kw — hydrolysis constant of weakest amino group, 
u == cone, of gelatin anion — (RCOO ). 

Y == equivalent concentration of gelatin as an acid. 

k— average equilibrium constant for ionization of gelatin as an acid. 

A’y ~ constant for one gelatin concentration. 

Since the equivalent weight of gelatin is of the order of magnitude 
of 8(X) or greater, it is probable that the distances between adjacent 
available amino groups in the gelatin molecule are considerable, d'his 
makes it likely that the reactivity of any given amino-group with 
hydrogen ion is not appreciably affected by Mmilar interaction of 
other amino groups in the molecule. If this be granted, one can im- 
mediately apply the Procter-Ostwald equation to each individual amino 
group, i.e., 

2 ^ — ay/(y -f A',) ; j:-.— «y/(y + A'..) ; etc.® 

However, s ~ . . . • 

whence, r -ay + ' ' ' ' T+X:) 

__ \ V ^ ( 1 ) 

W^y + K' 

Since under the summation sign (Equation 1) there are w terms, it 
will be obvious that the expression 

w ^ y E A 


is an arithmetic mean, equal to - - . -v.— • 

y -r 

If we let X — keeping in mind the fact that it is an integer with 
increments of unity, one can write. 


w ‘ 


•y + K 


^ ^H/w _ y A.r 


y d" A 


•The ordinerr method of epplymn the m... action >>»'»» “'“ot 
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For each value of n the corresponding value of AT is definite though 
at present unknown. In other words, K is a fixed function of n and 
therefore also of x, i.e., k^fix). Since w, the number of amino 
j^roups [)cr /[gelatin molecule, is large, the value of this sum will not 
diflfer materially from the expression 


Hence, one can write, 


dx _ r dx 
0 V + R . 0 v + /(-^')* 


: py 


*1 

iy 

J 0 


dx 


y + /{.r) 


(la) 


From e(|Uation ( 1 ) one can immediately draw certain interesting and 
important conclusions. In the first place, the single term Procter equa- 
tion can he correct only in case tlu* hydrolysis constants for all amino 
groups of the gelatin molecuU' are numerically identical.* d'he j)roh- 
ahility of this is too slight to justify serious consideration. The two- 
term Procter e(|uatio!i would demand the assumption that the amino 
groups are divided into two classes, ecjual in number, all groups of 
each class having the same hydrolysis constant. This seems equally 
improbable. It is difficult to justify the Frix'tcr equation on theo- 
retical grounds. 

In the second place, inspection of lujnation (1), when written in 
the form, 




1 

+ ^ 


makes it obvious that this ecjuation demands that z/y decrease with the 
increasing values of y. Table I shows l.oeb’s data "’ (y, rro) for z and 
y for gelatin hydrochloride, arranged in the order of increasing values 
of y. It will be noted that, at low values of y, z/y increases greatly, 
goes through a .sharj) maximum and then decreases as the above equa- 
tion demands. 'Phis di.screpancy at low values of y demonstrates that 
gelatin does not follow the simple mass action ey|)rcssion. Indeed, 
it proves that istjclectric gelatin acts as a much weaker base than gelatin 
which has already partially reacted with acid. 

The di.screpancies at low values of y are not of a character to 

* The hydroIvM'' coii<!tant.s nf tlir warjoiiv .amind Kroupx can he mual only in case the 
constants as ordinarily cxprc»“K<J. a’«>nniinK loni/ation of the first group to precede that 
of the second ard so on. liave the folIovMiig valuos for successive amino groups. 

First atnino group. K 

Second ammo group ^ AT 


Third amino group g ) Kroup, U''K 

•Loci) J (.0 P' vsiol , 3, (>5)1 (1920 21); l.oeh, ‘‘Proteins and Theory of Colloidal 
Dchavior," I7.'> (1922). 
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be explained on the assumption that the hydrogen ion is adsorbed by 
the gelatin, because adsorption plienomena are characterized by the 
fact that, particularly at low concentrations of the material adsorbed 
(in this case the hydroi^en ion), the ratio of amount adsorbed to 
concentration of the adsorbed material decreases rai)idly as this con- 
centration is increased. 

As so clearly shown by l.oeb. gelatin acts both as acid and as 
base and, as indicated by his data, its ^trenjj^th as an acid is much 
«(reatcr than as a base, tlioii^^h its ecjuivalent weight as an ucid is 
apin-oximatcly three times its e(iui\alent weight as a base. In slron^.,dy 
acid solutions one would ex])ect the activity of the weak ^n-latin acid 
j^roups to be efifectixely sU)>pres'-ed. but, as one approaches the iso- 
electric ])oint, they should c^nne into action: m other words, there 
should be a certain amount of internal com|K'nsation It is obxious 
that a mass action eiiuation an.aloj^^ous to (!) sh()uld ^nivern the ioniza- 
tion of the gelatin as an acid. Since this ionization on tlie acid side 
of the isoelectric jioint is only a small correction term, it will lead 
to no serious error to assume an a\era}.;e value, k\ for the dissocia- 
tion constants of the acidic jL^roups of i^elatin. ( allini,^ y the e(|ui\alent 
concentration of the ^H*latin as an acid, aiul a the c<uicentration of 
nei^ative chari^es on tlie gelatin <lue to ioniz.ation of its acidic 


the mass action law re((uires that u 


(y - u). 


h'urthermore, on 


the acid side of the isoelectric point a will be sm.all coiujiared to y 
and no serious error will arise from writiiijL^, 


ti ™ ky/y. 

As used by Loeb and Procter, .s is the concentration of jio^itive charges 
on the gelatin corresponding to external acid reacting with the gelatin, 
but the mass action expressions as represented by eiiuations fl) and 
(la) would give the total ])ositive charges on the gelatin due to 
interaction with hydrogen ion from any source whatever. hVom 
these coiujmted values one should therefoie subtract any positive 
charges on the gelatin due to internal com|)c*nsation, i.e., one should 
write, 


y <;y _ r h 

:c"y + V y J.. .V + /(-i') .V ' 


( 2 ) 


'I'he function fi.v) is unknown, but as a first a])i)roximation it will 
perhajis not be amiss to assume it linear in .v. that is, to assume that 
the hydrolysi^ constant of successive amino groups differ by sub- 
stantially equal increments. On this assumption, equation (la) in- 
tegrated, becomes 
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and equation (2), 


_ fiy . y + Kw 
^ K^-K, "" y + K, 



y_±N 

+ K^ 


c 

y' 


( 3 ) 

(3a) 


Further, it can I>e shown that in the range of the data in question, these 
equations are good approximations, even though AT as a function of x 
may differ quite widely from linear. 

ft is obvious that at high values of hydrogen ion concentration 
Equation 3 should be satisfactory. In this equation, p, the total equiva- 
lents of gelatin in the solution, is the asymptotic value of the acid 
combining capacity of the gelatin at high hydrogen ion concentration 
and can be determined with reasonable precision. A little study of 
the equation will show that the individual constants, Ki and Kxo, are not 
capable of exact evaluation unless the precision of determination of 2 
as a function of y is very great. This is particularly true of AT. 
For Loeb’s data on gelatin chloride {loc. cit.) at hydrogen ion con- 
centrations above 46, we have estimated the values of ki and kw as 1.4 
and 95 res|>ectively. Table I shows the values of 2 observed by Loeb 
[;?ol with the values calculated by Equation (3) [si]. 

In one sense Equation (3) is no more satisfactory than Procter's 
two-term equation, because both have three constants, the numerical 
values of which must be determined from experimental data. Grant- 
ing sufficient constants in an equation, one can get an expression which 
will fit any curve. On the other hand, Procter’s equation can be given 
a theoretical basis only by making difficultly justifiable assumptions, 
whereas equation (3) is theoretically sound and its only weakness lies 
in the fact that it assumes a certain type of change of K with .r. How- 
ever, some functional relation between K and x must exist, and, as 
indicated above, the data at present available are not sufficiently accurate 
to test other assumptions. 

Granting these constants in Equation (3), the constant of the 
correction term in Equation (3a), r(— /cy), is readily computed from 
the values of « determined by Loeb for values of y below 50. For 
this we find 125. This gives as the final equation representing Loeb’s 
data, 


1 5.7 y logic 


and in general, 2 =0.0245 fty log, « 


y +95 

125 

(4) 

y+lA 

y 

y + 95 

.195p 

(4a) 

y + 1.4 

Y 
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The comparison of the values of r experimentally determined by Loeb 
[So] with those computed [c.] from Equation (4) are found in Table I. 
Figure 1 shows the same data plotted as s/y vs. y. This form of 
plot is employed because it most emphatically brings out the di.'^- 
crepancies lietween computed and observed values of s at low hydrogen 
ion concentrations. If one plot c itself versus y one must cither em- 
ploy a scale which omits all high jxnnts or else one that crowds the 
low points too closely together. In Idgiire I the dotted curve rep- 
resents values computed from the Equation (4) and the full curve 
the values computed from a single term Procter equation (see Table). 
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Fig. 1 

the constants of which are chosen to make that curve fit the values 
of c determined by Eoeh at high hydrogen ion concentration (i.e., 
above 50). 

Procter does not report data on the amount of acid combined 
with gelatin at low hydrogen ion concentration. Indeed Procter un- 
doubtedly did not know how to tiroduce the isoelectric gelatin with 
which it would be necessary to start to make such data of any value. 
Consequently the correction term of Equation (3a) does not have to 
be used in interpreting his data. Furthermore, Procter worked at 
widely varying gelatin concentrations whereas Loeb kept his gelatin 
concentrations practically constant. Inspection of Equation (3) shows 
that the acid combined per equivalent of gelatin is a unique function 


TABLE 1 


>28 / COLLOID 'SYMPOSIUM' Md^OGkA^H 


S 


i 


1 

8 

S58 

d 


2 < 


do 



1 VO ' 

5 



8 I 8 


o do 


S55 


d p 


lo ' lO 


S OOs 
-4 fvi 


8 


M. 8 
0<V| OvJ 
in r>, 


O tN o 


rn p o 
cvj so d d 


00 OV 

^ (\i 




- 5 


fOiO 00 

d d 


g d ^ 0^ 


m 00 fo M 
<N 


1+ d 


Cj 00 




p 

d ^ 


ro ro 
fM iri 


00 »or>* 

(75 ::j S:2 


r4d 


r<o r% ^ 

r-i t-i d d VO to 

VO ^ ^ 


4- 

JO ?^l 




i .SI 


d to d d 






3 

cr 

W 

lO 

O 4- 

2 f^l 


X 

m 


pq 


dS 

I 

«j| ?- 



f 'A 

MASS ACTION EFFECTS iW' 

of V. Hence, plotting c divided by gelatin ^nccntration, i.c., r/fJ, 
versus y, one should get a smooth curve. Rgure 2 shows Procter’s 
data thus plotted and it will be seen iinmediatelv that the points arc 
far more erratic than Loeb s tlata. I he curve in b igure 2 represents 
hcjuation (3) as (letermined fron) l.oeb\s data, u>ing however 780 as the 
etjuivalent weight of gelatin instead of 15()0 as determined from Loeb’s 
measurement. PnK'tor s gelatin apj)ears to have snlTered progressive 
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Fjg. 2. 


hydrolysis during the course of the exixniments at high hydrogen ion 
concentration. It must be remembered that he oi)eratcd in some case^ 
at a concentration well above tenth normal in hydrogen ion. Nearly 
all of Procter’s data were taken at gelatin cotKcntrations greatly ex> 
ceeding that used by Loeb. Since a is calculated by difference and 
since in the majority of IVocter’s mea.surements c is less than y, the 
precision of r is low. This fact, together with the ])robability of 
increased gelatin hydrolysis at the high hydrogen ion concentrations 
used, accounts for the erratic ap|>carance of the ]X)ints in I’rocter’s 
plot. Despite this fact the maximum deviation of IVocter’s points 
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from the calculated value of < 2 r is less than 15 per cent and the average 
deviation only about 6 per cent. 

The quantitative relationships here developed suggest certain qualita- 
tive conclusions of interest. Thus, while the data, which so clearly 
indicate internal compensation in the neighborhood of the isoelectric 
ix)int, throw no light on the question as to whether the reaction of 
acidic and basic groups of the gelatin itself is intermolecular or intra- 
molecular, it seems likely that the combination is between groups in 
different molecules. This would to a degree tie together molecules 
of gelatin at the isoelectric point, but this intermolecular bonding would 
decrease rapidly as one leaves the isoelectric condition. As soon as 
hydrogen ion concentration is built up to a value of roughly 25 in 
Loeb’s units, this type of molecular association would cease to be an 
im|x:)rtant factor. 'I bis gives an explanation of the mechanism of the 
polymerization of gelatin in the neighborhood of the isoelectric point. 
Such polymerization has often been assumed, though in the past ap- 
parently without adequate justification. 

Since viscosity as a function of hydrogen ion continues to increase 
far lieyond this point, there must be some other imix)rtant contribut- 
ing cause. Many explanations have been offered, of which perhaps 
the most widely accepted are ( 1 ) increased hydration of the gelatin 
as hydrogen ion increases and (2) increased degradation of the gelatin 
itself by hydrolysis. Both of these .seem to be decidedly ad hoc ex- 
planations. Since with increasing hydrogen ion concentration there 
is a marked increase of combination of hydrogen ion with the amino 
groups of gelatin, it of necessity follows that tlie corres|xmding anions 
of the acid added will be held by electrostatic attraction in the neigh- 
borhood of the amino gnmps. From the ixiint of view of mobility, 
this is equivalent to an increase in the size of each molecule of gelatin 
and, since the average distance between the charged amino ion and 
the corresponding anion can be considerable, it follows that the frac- 
tional increase in effective molecular size will be large. This should 
result in increased visco.sity as long as there is an increase in amount 
of acid combined with the gelatin. TTowever, in strongly acid solu- 
tions, further increa.se in combined acid is negligible, but the added 
solute, which is undoubtedly highly solvated in solution, begins to com- 
t^te with the gelatin molecules for .solvent and this dehydration of 
the gelatin results in a shrinkage, thus producing the maximum in 
the viscosity curve. 

A similar ]>oint is the discrepancy between the action of sulfuric 
and other acids on gelatin so clearly brought out but not explained 
by Loeb. If the only effect is combination of amino groups with 
hydrogen ion, the extent of that combination should be independent 
of the source of the hydrogen ion. However, in the case of sulfuric, 
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for a given amount of acid combined with the gelatin, the correspond- 
ing hydrogen ion concentration is abnormally high. Sulfuric as a 
dibasic acid is characterized by the fact that both its hydrogen ions 
are very strong. Since the equivalent weight of gelatin as a base is 
800 or more, it follows, if one assumes that the free amino groups 
are at all regularly distributed in the gelatin molecule, that the dis- 
tance between adjacent amino groups is considerable. If, now, a 
hydrogen ion from sulfuric acid combines with an amino group, the 
anion cannot move a great distance away from this group. How- 
ever, the second hydrogen ion of the sulfuric will dissociate to a large 
degree, but in turn will be held by electrostatic attraction in the neigh- 
borhood of the sulfate ion from which it came. Consequently this 
particular hydrogen ion, while adding t(^ the hydrogen ion concentra 
tion of the solution as a whole, is not entirely free, at least not Mif- 
ficicntly so to migrate to and combine with another amino group. 
In consequence one would anticij)ate an abnormally high hvdrogen ion 
concentration for a given amount of combination between sulfuric 
and the gelatin base. However, in the case of ordinary jHdybasic 
acids, in which the second hydrogen is weak coinj)ared to the first, 
the dissociation of this second hydrogen would be a minor factor and 
the acid w'ould behave tow'ard gelatin as a inonoba'-ic acid. It will be 
noted that this is exactly the situation disclosed by l.oeb’s data." 

Summary. 

Attention is called to the fact that Procter's mass action eijuation 
for the reaction of gelatin in acid im])lies either that the molecular 
weight of gelatin is not greater than double its equivalent w’eight, or 
else that all the amino groups in gelatin have the same acid strength. 
It is abo shown that this eciuation breaks down completely in the 
face of Loeb's data obtained at low hydrogen ion concentrations. It 
is demonstrated that isoelectric gelatin acts as a weaker base than 
gelatin which has already combined with some acid. It is further 
pointed out that this l)ehavior can be quantitatively explained on the 
assumption of internal interaction of amino groups and carboxyl 
groups in the gelatin itself. A general mass action expression for 
the interaction of gelatin and acid is derived, including a correction 
term for internal compensation of the basic and acidic groups of gelatin 
in i\]Q neighborhood of the isoelectric jKiint. Qualitative implications 
of this internal compen.sation’s effect on the viscosity of gelatin solu- 
tions are discussed. 

Massachusetts Institute of Technology, 

Cambridge, Mass. 

* Loeb, ‘‘Proteins and the Theory of Colloidal BehaMor.” p 175, Tables XXXII and 
XXXIII. 



H/iLMilOf.TZ IXJUliJ.K LAVER RELATED TO IONS AND 
CHARGI':D rAR'JTCLI^S 

By E. E. BuinoN 


1. Electro-endosmose and Related Phenomena: 

'rhe so-callcd llelniholtz double layer connotes a mechanical ex- 
planation of tlie phenomena included niuler the j^eneral title of electro- 
endosmose. 'J'he term electro-endosmose is applied to the phenomenon 
of the transfer of liquids throuj^h capillarv tubes under the action of 
an electric field set up throughout the tubes by electrodes placed at 
the ends of the tubes and maintained at a given difTerence of poten- 
tial. The ex],)eriments on single capillary tubes have been extended 
to porous diaphragms which arc treated merely as collections of fine 
capillaries. 'I'lio laws governing this action have been very fully 
worked out f)y a succession of scientists. 

Although this phenomenon of eleclro-eiKlosmc»se has been given 
particular attention, it is merely one of four phenomena which treat 
of the electrical forces set iq) by the relative motion of solids and 
liquids, or, of such relative motions set uj) by ai>t>licd electromotive 
forces. The correlation of these phenomena ma\ be seen in Table I. 


TAIU.B I 


A 

Motion caused by applied F, M.F. 

I. Liquid moving tlirough stationary 
solid tul>es. 

Idectroendosmose.* 

II. Solid particles moving through 
stationary liquids. 

Cataphoresis.* 


B 

1’. M ]•' set up by impressed motion 

I Li«[iiid forced through stationary 
solid tubes. 

Helmholtz-Billiter.* 

II. Solid pai tides dropped through 
stationary columns of liquid. 
Dorn effect.* 


It is at once apixirent that there is an intimate relation existing be- 
tween these phenomena, B being in general the converse of A, and 

I Wiedemann, Eluktru'itot. 1. 10Q7 (IBaa). Quincke, Pof^g. Ann., 113, 513 (1861). 

Helmholtz, Ann. d. Phys., i, 337 (1879); Lon Pkys Sor.. 1888 Lamb. Brit. 

Assn, 496 (1887). rernn. Jour. rJum. phys., 2, 607 (1904); 3. (1905). Ehssafoff, 

Z. phys. Chfim., 79, 885 (1912). Bnggs, Bennett, and Pierson, J. phys. Ckem.., 22, 266 
(1918). 

• Burton, “Physical Prop, of Coll. Sol.” (Longmans, Green, 1921, p. 132). M. E. Laing, 
J. phys. Chtm., 28, 678 U924). Mukherjee, Proc. i?i7y. Soc.. 103, 102 (1923). 

• Preundltch, “Kapillarchemic.” 3rd c^., p. 335. Helmholtz, ioc ctt. (1). Billiter. Z. 

phys. Chem., 48, 642 (1904). _ ^ ^ ^ , 

‘Freundlich, “Kapillarchemic” (loc. cit.). Dorn, Ann. d. Phvs, 5, 20 (1878); 2, 618 

(1880); 10. 46 (1880). Billiter, Ann. d. Phvs^ 11, 937 (1903). Freundlich and Makelt, 

Z. EIrktrochtm., 25, 161 (1909); Burton and Currie, Phtl. Mag., 49. 194 (1926). 
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within both A and B, (II) is the converse of (I). The common fea*- ^ 
ture of all is illustrated by the explanation which has been offered by 
the so-called Helmholtz double layer. 

Historically the discussion of electroendosmose and cataphoresis 
came first (Wiedemann). In order to explain these curious motions, 
Quincke suggested that the solid in contact with the liquid became 
charged in some way with electricity of one sign, while in the immedi- 
ate vicinity of the solid wall there was a layer of electrical charges of 
the opposite kind, exactly equal in magnitude to the first. Helmholtz 
first offered a mathematical treatment of Quincke’s suggestion and 

HELMHOLTZ DOUBLE LAYER 


y^CL/iSS W/tLL 



€L£CTRO£NDOSMOS£ IN CAPILLARY TUBLS 



arrived at certain formulae the truth of which could be — and in fact, 
was — tested and proved to be true ( Fig. 1 ) . d'hc picture presented is 
consequently known as the Helmholtz double layer, which was further 
dealt with several years ago by Lamb. 

When two electrodes, positive and negative, maintain a difference 
of potential at the ends of the capillary tube, the liquid is draggec) 
through towards the negative electrode and slips as a sleeve through 
the tube. A similar explanation was offered of the movement of solid 
particles through stationary liquid media. 

The assumption adopted by both Helmholtz and Lamb, in which 
they have been followed by others, is that the total thickness of the 
double layer is just of molecular dimensions, e.g., it is assumed that the 
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charged particle plus the contiguous liquid layer gives an entity which 
is electrically neutral, fhis assumption of the thickness of the layer 
is not implied in the Helmholtz te.st formula for electroendosmose, 
which is as follows : 

^ ”” 4Lt] 

where 

volume of licjuid transported \K'r sec. throuj^h a tube of radius 
r and length L; 

CfX’ft'icient of viscosity of the liciuid ; 

1) ™ dielectric constant of lifjuid : 

y — difference of potential between stationary charged layer and 
the outer Helmholtz layer; 

L the electroiiKjtive force applied to electrodes at the ends of the 
capillary tube. 

("onsc(|Ucntly, the fact that this formula has been found to hold 
true for various exjXTimental tests does not demand one’s a.ssent to the 
assumed thickness of the outer layer. 

P»y considering the motion of a small cylinder of li(juid taken parallel 
to the axis of the capillary tube and re|>lacing this cylinder by a small 
solid cylinder stationary relatively to the liijuid, one deduces that if the 
licjuid as a whole is at rest and the solid cylinder in motion, it will have 
a velocity as gi\ en by the e(|uation : 

_ VED 

^ 4kLi] 

In order to explain this phenomenon of cataphoresis, Helmholtz,® after 
postulating the double layer, says, “On the whole, the algebraic sum 
of the two charges on the two layers equals zero, and the center of 
gravity of the complete system, solid particle (e.g., negatively charged) 
and .surrounding (positively) charged fluid layer taken together, cannot 
be moved by the electric forces which ari.se from the |X)tcntial fall in 
the liquid through which the current passes. However, the electric 
force will tend to bring about a displacement, relatively to each other, 
of the positively charged fluid layer and the negatively charged particle, 
whereby the fluid layer follows the flow of positive electricity while the 
positive moves in the opposite direction. If the liquid were a perfect 
in.sulator the new position would still be a condition of equilibrium. 
Since, however, through the displacement of the layers, the equilibrium 
of the galvanic tension between the solid particle and the liquid is dis- 

• Freundlich. “Kapillarchemie,” 3rd ed., p. 329. 

•Loc. cit. (1). 
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turbed, and, on account of the conductivity of the liquid, always seeks 
to restore itself, the orij^inal state of electrical distribution will tend 
to be continually reproduced and so new displacements of the particle 
with respect to the surrounding licjuid will continually occur.’’ 

As the conception held of the Helmholtz double layer was that just 
outside a charged surface (or charged particle) and within molecular 
distance of this surface there existed a layer of op]>ositely charged ions 
making up a total charge equal and opposite to that on the surface 
itself, it was thought that there could not be any mutual action between 
two such particles. (See Svedberg," Perrin.*’ Porter and Hedges”). 
It is on this account that the recent work of Milner/” Cihosh/' and 
Debye on the complete dissociation of strong electrolytes, has an 
important bearing on the theory f)f the stability of colloidal solutions. 


2. Mutual Actions of Ions in Electrolytes: 

As usually presented, the theory of the partial dissociation of strong 
electrolytes (lefincs the conductivity in terms of the concentration and 
the mobilities hy such a relation as 

k cc m { u -p tp 

where k is the conductivity of the solution, m is the concentration in 
gram-molecules pC‘r unit volume and u, z* are the mobilities of the ions. 
As the solutions become more concentrated the conductivity per mol. 
(the molecular conductivity) decreases and this is explained by assum- 
ing that only a portion of the in gram-molecules are dissociated into ions 
— a portion which decreases as the concentration increases. So we have 
the relation : 

kecamiu -p v) 

where a is a fraction, the so-called degree of dissociation. 

An equally reasonable assumption wcnild be that in remained con- 
stant while u and v decreased constantly with increasmg concentration 
and so lessened the molecular conductivity. This is the view recently 
worked out by Debye, based on extensive work of some of the leading 
American chemists. 

From another of view, the use of the osmotic pressure equa- 
tion in its ordinary form : 

PV - nRT 


^ Svedberg, Colloxd Chemistry (Chcin, Cat. Co.. 1924), p. 102. . , « . , ’ 

•Perrin, Ann. Chim. Phvs. (8), 18, 5, (1909); Atoms (tr. Hammick, Constable, 
1916). 

•Porter and Hedges, Phil. Mag. (6) 44, 641, (1922). « « 

*• Milner, Phil. Mag. 23, 651 (1912); 25, 743 (1913); Trans. Far. Soc., 16, 148 
(1919) 

“Ghosh, J. Chem. 113, 449, 627, 707, 790 (1918). 

“Debye and Huckel, Phys. Zeit., 24, 186 (1923), 
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also takes for granted that there are no mutual forces between the ions 
of an electrolytic solution. The correction of this view brings in the 
virial due to ClauMUs.’-’ The virial is an analytical expression for the 
total energy of mokrules of gas in a volume in terms of the instan- 
taneous values of the cfMjrdinates of the molecules and the values of the’ 
comixjnent.s of the forces acting upon them; this ex]>ression includes 
the ordinary pressure term (3/2 KT) and, also, the energy due to the 
mutual action of the molecules. This latter term may be shown to be 
given by the expres.sion 

i2v(p(v), 

when (t)(v) is the force between two molecules distant v apart. Con- 
sequently the equation for one gtn. moleculer weight becomes 

-f iSv(p(v), 

where m, V, R and 7’ have their ordinary significance and the summa- 
tion ^vqj(v) is made for every [lair of molecules. This equation is 
taken over for the treatment of osmotic pressure of solutions and, if 
there is a mutual action between the ions of the solution due to their 
electrical charges, there will be a potential energy term, 42LV(p(v), to be 
calculated. This is the problem attacked by Milner and Debye from 
different points of view. 

Milner solved the problem in a direct way — a treatment which is 
recognized as an outstanding accomplishment which showed that many 
of the difficulties of the theory of partial dissociation could be met by 
assuming mutual action on die part of both positively and .negatively 
charged ions. Cihosh attempted also to account for the anomalies of 
strong electrolytes by assuming complete dissociation together with 
electrostatic forces between the ions. 

Debye has developed a method of calculating the energy furnished 
by the above term jilvqpv in a new and indirect method. Expressing 

the thermodynamic potential, O’, by the equation (7 rr: he divides 

the energy U into two parts, i.e., U — Lh + U,, Uk being that given by 
the classical theory and Ur being an added term due to the mutual action 
of the ions on account of their electrical charge. IJe then sets out to 
find Ur. .In order to accomplish this, Debye calculates the electrical 
|K)tential at a point in a liquid medium containing ions both positive 
and negative, and then takes as the jiotential energy the ordinary ex- 
pression : one half the product of the charge and the potential. 

At a point, P, in the medium surrounding a particular ion, say 
pos-itive, let the potential have a mean value if another jxjsitive ion 
is brought up to this point the work done is -f- where e is the charge 

” See Jeans, "Dynamic Theory of Gaaea,’* p. 143. 
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on an ion; if a negative ion is brought up then the work gained will 
be e\j’. Iti an element of volume, dV at P, one would liave according 
to the Maxwell-Boltzmaim principle: 


jrr ... 4~ N’ 

— r;;r" dP positive ions and nc -- - • c/F negative ions, 


kr 


(where n — the number of molecules jier cc. supposed to be uni- 
univalent and completely dissociated, and k is the Boltzmann conslant,^ 

which equals—, R being the universal gas constant and N Avogadro’s 

number). From these two expressions the density, p, at the point P is 
determined, viz. : 


P 


2m^ 

~~ . ^1’. approximately, 


and, by the use of Poisson’s e<juation 


the relation 




4jtp 

17 


= 0 




falls out, where 


171 ’ ' 


in which D is the dielectric constant of the 


medium. This ditTerential equation is solved, constants of integration 
determined and a value of j>otential energy of all the ions deduced. This 
work of Debye has been generally accepted as marking a great step 
forward in explaining the anomalies of strong electrolytic solutions. 

In view of the aiiplication of this theory to he made' later, it is de- 
sirable to give the general expression for K’‘ in the case of a complex 
solution. Suppose there are A kinds of ions ; let the numliers of ions 

per cc. be lu and the valencies be zTi, Za 

Then K'^ is given by 


K^ = 


4xe'^ 

Iwp 




The physical interpretation of K is the following: calculation shows 

that — has the dimensions of a length and the dcvcloi>ment of Debye's 
K 

theory indicated that this length is a characteristic constant of the 
solution. If a plate is dipped in the solution, and takes up a definite 


‘♦Another example of this sort of treatment: Langmuir, Phys. Rev. 2, 450 (1918); 
21, 419 (1923). 
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potential relatively to the liquid, the ions of the outer Helmholtz layer 
will he distributed according to the above equation and l/R is the dis- 
♦ tance from the plate in which the electrical density of the ionic layer 
falls to 1/c of its value at the plate. l//v is a quantity which measures 
the thickness of the Helmholtz outer layer. 

Sf)me years before Debye’s work was jmblished, Gouy had worked 
on a similar idea of the distribution of ions in a solution of an electro- 
lyte, assuming complete dissociation. Gouy dealt with the law of 
distribution of positive and negative ions in a solution near a plate 
which, t>laccd in the solution, assumes a given charge, and a definite 
potential relatively to the liquid. 

He also finds that the outer Helmholtz layer has an electrical density 
which falls off according to an exixmential law; the distance of the 
center of gravity of this ionic atmosphere, a, is given by: 

a = jizzziz^^Eizz: 

1 4jTN^e-(7ia + «c)A'rW(.(or ) 

where /K R, I , N , f are as before, are the valencies of the anion 

and cation, and iV,. are the number of gram ions per cc. in solution. 

d'his may be compared with Debye’^ — given by: 

K 

I ^ CIJIEIZ. 

K ^4ji\ 

In the development of the.se two theories the values of a and -~ 

K 

practically connote the same thing, only a slight clifTerence being noticed 
in the way in which the Vcalencies of the anions and cations are intro- 


duced. In Table H are given the values of a and for various 

K 

tyi^s of strong electrolytes, using concentration of 0.001 gram molecular 
weights per litre. 

TABLE II 

o -- SO I< - X 10’ r -- JOn .v -ox lo- t 4.77 X 10 “ 


T> pc : N'aloncy a X 10’ 


uni-uni , 
uni-di \ 
di-uni /’ 
unMri \ 
tri-uni /’ 
di-tri \ 
tri-di /■ ■ 
di-di . . . 
tri-tri 


9.1 

5.29 

3.7 

2.3 

4.58 

3.0 


Debye’s ~ X 10’ 

A. 

9.1 

5.74 

4.05 

3.6 

4.58 

3.0 


‘•Gouy, Journ. dt phys. (4), 9, 467 (1910). 
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These formulae and results bring out two important pro|)erties of the 
Helmholtz double layer, viz. 

I. The thickness of the outer Helmholtz doMc layer deereases" 
as the concentration of the electrolyte increases; or addition 
of electrolytes to such a medium would depress the outer 
Helmholtz layer in totoards the inner layer. 

II. For additions of electrolytes of the same inofeeular slrcmjth, 
the decrease in the thickness of the outer Helmholtz layer is 
greater the greater the valency of the ions, i.e., ions of high 
valency haz*c a greater depressing effect than those of lozocr 
valency. 

Gouy brings out an additional iK)int regarding the inlUience of 'the 
valencies of the ions, which is most signihcant for onr ])r(»hlein. 

III. If at a |X)int in an electrolytic solution near a charged plate 
Uc, Uc, Uc" - - - etc., be the concentration of cations of 

valencies //c', , Jn^l (h, Ih/, l\," - - - he the 

concentrations at the same point of anions of valencies u,,, n,i'f 

Ha' - « - 

, J__ 

1'hen H/" = / '/"■' U/'"' ~ 

1 JL 'i- 

f etc. 

From which (lou\ concludes that if the cations have the 
same valencies, their concentrations remain throughout propor- 
tiomil to one another, and so for the anions: if the ions differ 
in valency, they are more concentrated or rarefied in the twigh- 
horhood of the surface depending on the zalency. 

P'or example, with ions of Sodium, Barium and Alu- 
minium of concentrations C (m, Guj, ~ and 

= 6 Na«. 

3. Ionic Atmospheres about Colloidal Particles: 

Wc may .say that all are agreed that the existence of the colloidal 
particle is Rmdamcntally due to an equilibrium maintained ])etwcen the 
forces of surface tension and the repulsion due to electrical charges. 
In their stable state, the existence of a very active Brownian move- 
ment does not seem to lead to collisions between particles which bring 
about an increase in size of the particles. As long as the particles 
remain small enough the disturbance due to the Brownian movement 
is sufficient to masque the .‘^mall settling effect due to gravitation. 
Whether one denies the existence of mutual repulsion on the part of 
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colloidal particles or not, ft is an undisputed fact that the particles of 

a stable colloidal solution do remain apart, although they are executing 
’ Brownian movements and so, one would judge, are being driven con- 
tinuously into collision. A denial of the existence of mutual repul- 
sion of such particles if they approach one another near enough, led 
Smolucliowski in his i^ajicr on a “Mathematical Theory of Coagu- 
lation'’ to assume that on near approach particles show mutual attrac- 
tion. He made the following assumption: “The simplest assumption 
would he perha]>s that the particles, on near enough approach to one 
another, are drawn together by cai)illary action ; that union does not 
take place under normal conditions might he explained by a protective 
action of the electrical double layer, which cnie can picture to ones 
self as a sort of shell. On adding electrolytes, on account of the 
Freundlich absorption, a partial or complete discharge of the double 
layer takes place, which destroys its protective action, so that collisions 
,and coalescence ensue. . . . We shall assume that each particle is 
surrounded by a protective sphere, so that neigh])oring particles exe- 
cute their proper llrownian movements independently and undisturbed, 
so long as each one keeps without the protective sjdieres of its neighbors. 
lUit two i^irticles nrc indissolubly united as soon as one of them pierces 
the boundaries of the protective region of a neighl)oring particle.” 

The more logical view of the distribution of ions in the fTehnholtz 
double layer gives a far simpler and more acceptable explanation of 
the facts. The view of this distribution worked out by (jotiy and 
Debye enables us to look u|K)n single colloidal particles as bearing on 
their surfaces an effective charge which cannot be regarded as being 
neutralized by the outer Helmholtz layer until a surface is reached t 
such a distance from the bfmndarv of the particle that the distributio i 
of positive and negative ions becomes equal to the concentration in the 
medium itself. As a cfHisecjuence, although at comparatively great di.-* 
tances from the particles (say, of the order 1.0 p — 10 ■* cm.) the 
electrical force due to the particle is zero, and, consequently, two 
particles separated by such distances ha\e no mutual repulsion, when- 
ever two particles do approach one another more nearly they will 
mutually repel with a force which increases rapidly as the distance 
:^part decrea.^es. This explains why “union does not take place under 
normal conditions.” There remains the question, “Why does the 
addition of electrolytes allow particles to come together?” In connec- 
tion with the effect of added electrolytes on the disposition of ions in 
the outer Helmholtz layer, we may conclude from the propositions I, 
TI, TTI al)ovc (1) that, as the concentration of the ions of given 
valency is increased, the distance of the center of gravity of the outer 
layer decreases, (2) that, for given concentration, ions of uni-, di-, tri-, 

Smolucliowski, phys. Chem., 92, 129 (1917). 
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etfc., valency will give progressively thinner outer layers, the effect of 
the valency increasing exponentially with increasing valencies, and (3) 
that for liquids very slightly ionized the outer layer occupies a con- 
siderable thickness, many microns for pure water and still more for 
other liquids. 

In view of these results we may construct a complete picture of 
the mechanism by which added electrolytes bring about coalescence, 
and, also, gain an insight into the abnormal effect of ions of different 
valencies. Let us replace Smoluchowski’s assumptions given above 
by the following; (1) I*articles on near enough approach to one 
another are held together by capillary action; (2) that union does not 
take place under normal conditions is accounted for by the mutual 
repulsion of the particles due to an effective charge, which becomes 
active when the particles approach one another within the limits of 
the diffuse Helmholtz outer layer: (3) added electrolytes, by suppress- 
ing the diffusene?s of this outer layer, reduce the effective distance at 
which the repulsive force comes into play; and, finally, (4) by a dis- 
charge of the particle, the electrolytes destroy the source of the force 
whicli kept the particles apart. 

The continuous Brownian movement will tend constantly to cause 
the particles to collide with one another. While the electrical charge 
is large enough, mutual repulsion will prevent the particles from 
approaching one another nearer than a certain distance. If, by the 
addition of electrolytes, the |>articles are discharged, which is an ex- 
perimental fact, then that mutual repulsion which has prevented 
colli.sions is wiped out. 

Proposition III of the previous section throws light on one of the 
most puzzling characteristics of electrolytic coagulation, viz., the 
l^eculiar valency relations e^i^pressed by the Hardy-Schulze law, that 
the coagLilative power of uni-, di-, and tri-valent ions are in the ratios 
of 1 : X : where x has a value, say. from 20 to 30. We find that if 
the concentrations, near a charged surface, of ions of valencies 1, 2, 3, 
in solutions of the same molecular strength in the bulk of the solution 
are denoted by Ci, Cn, Cz, then 

or 1 ; C, : C,L 

From this we would gather that the resulting depression of the outer 
Helmholtz layer due to the addition of a coagulating trivalent ion would 
he much greater than for a similar divalent ion which in turn has a 
much greater effect than the univalent ion. The cliarge on the particle 
and that in the outer Helmholtz layer remaining the same, the resultant 
electrical forces between the two layers will be very much increased 
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by a nearer approach, and a time will come when the whole layout 
breaks down and the particle becomes partially or completely dis- 
charged. This discharging action would be much greater for trivalent 
than for divalent ions, much greater for divalent than univalent ions. 
We have also a reasonable ex])lanation for the puzzling fact that the 
valency of the non-coagulating ion in the solution does not count in the 
action. From Gouy’s result: 


1 -1 



and consequently a high concentration of cations (or anions) at a point 
in the solution means a very low concentration of the anions (or 
cations) at the point. 

The inter])osition of these strong electrical forces between Helm- 
holtz layers sufficiently close to one another, may bring’ about the 
adsorption of the ion of op{K)site charge in accord with the laws de- 
veloped by Freundlich. 


4. The Ionic Atmosphere and Electroendosmose : 

The ordinary method of developing the formula giving the relation 
between the volume of water transported per second through a capil- 
lary tube, the ap])1ied electric held and other physical quantities in- 
volved, is to balance the frictional force due to viscosity against the 
electric force due to the external held acting ui>on the Helmholtz layer 
in the liquid bathing the wall; as Lamb expressed it “the electrical 
forces act on the siqx'rhcial him of the licjuid and drag the fluid, as it 
were, by the skin through the tube,” This idea is quite at variance 
with our present conception of what is taking place at the wall. 

The Helmholtz formula for electro-endosmose is usually deduced 
ns follows : 

Let V ~ volume of li(|uid passing per second through a capillary 
tube of radius r. 

Then u the average velocity of the liquid will be given by 


Tinu — V or u— — - 
jtH 


If the layer actually in contact with the wall is at rest, i.e., if there is 

du 

no slipping at the wall, the velocity gradient in the liquid, may be 


taken as constant and is usually written e(iual to — where we indicate 

Oy 

For example, see Freundlich. “Kapillarchemie,” or Creighton and Fink, Blcctrochtm- 
istry (John Wiley & Sons, 1924), p. 162. 
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by perpendicular distance one must proceed from the in 

order to come to the place where the liquid has attained the velocity, u. 
The frictional force jxir unit area between the liquid at the wall and 
the flowing liquid will then be given by the ordinary viscosity forniiila: 



This frictional force, for steady slow motion, becomes equal to the 
electrical force due to the externally applied electromotive force acting 
on the Helmholtz layer. This electrical force jier unit area will be 

Fn He 

where H is the external electrical field given by the electromotive force 
applied at the ends of the ca])illary tube dividt'd by the length of the 
tube and c is the charge per s{(. cm. on the wall of the tube and con.se- 
quently in the movable Helmholtz layer — 


Looking iqx)!! the double layer as an electrical condenser in a medium 
of dielectric con.stant, D, with difference of ])otential between the jflates 
F we have : 





4jtc 

IT 




where 5e is the distance between the two Helmholtz layers. Substi- 
tuting for e in terms of F we liave the ordinary Helmholtz formula: 

_ _ DFH _ rWFII hv _ 4qz/ K 

^ q * 4jt6c 4q be rDH bv 

Ordinarily and 6^ are taken both small and are ])Ul ecjual to one 
another, without any particular justification. F is then calculated in 
volts and results tabulated in that way. 

VVe have seen above that fit, is the distance from the wall where the 
liquid reaches its mean velocity. Extensive experiments on this phe- 
nomenon by Morrow shows that this distance is of the order of 0.5 
cm. and consequently for capillary tubes the velocity continually 
changes, reaching a maximum along the central axis of the tube. As- 
signing a small value to fit, comparable with fi<, can then have no mean- 
ing. According to the theory of the Helmholtz layer outlined above, 
the value of fie will depend upon the electrolytic content of the liquid 

Morrow, Proc. Roy. Soc. Lon., A. 70, 1905, p. 206. 
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in contact with the walls. Such facts call for a reconsideration of 
iust what electro-endosmose is and why the liquid moves through to 
the capillary tubes when an external field is applied.^® 

Summary. 

The quite recent work of Milner, Ghosh, Gouy and Debye on the 
complete dissociation of strong electrolytes has established beyond a 
doubt, almost, the fact of the mutual action of ions in solution. This 
consequently ix)ints to a mutual action of charged particles and also 
to the interaction of such colloidal particles and ions in solution. 

That this mutual action of charged particles has not been properly 
realized is shown by the arguments used by Smoluchowski, Perrin, 
Porter and others; these writers have shown a tendency to be confined 
by the old idea of the Helmholtz double layer, viz., that immediately 
surrounding a charged wall or particle in contact with a liquid there 
is a layer of opiX)sitely -charged ions, the thickness of this layer being 
of molecular dimensions. 

The foregoing paper refers to the work of Milner who developed a 
method of calculating directly the interaction of ions and to the method 
(jouy and Debye employed in calculating the thickness of the outer 
Helmholtz layer, and its relation to the molality of the solution and the 
valency of the ions in solution. As a consequence one may form a 
reasonable picture of the charged colloidal particles with its surface 
charge and surrounding atmosphere of liquid containing positive and 
negative ions. 

As a result of this picture of the distribution of charges relatively 
to the charged particle, explanations may be given as to the cause of 
the stability of colloidal particles, of the so-called Hardy-Schulze law 
of the coagulating power of electrolytes on disq>ersoids, and the motion 
of particles in an electric field, which is related to electro-endosmose. 

University of Toronto, 

Toronto, Canada. 

McBain, J. Phys Chem., 28, 700 (1024). 



X-RAYS AND COLLOIDS 


By George L. Ci-ark 


I. Introduction: 

The great contributions of X-ray .Hicncc to tlie knowledge of the 
crystalline state of matter constitute some of the most brilliant pages 
in the record of scientific achievements of the past decade. The X-ray 
and the crystal spectrometer have added themselves to the list of the 
chemist’s most valuable and powerful tools, just as they are to the 
jdivsicist in sub-atomic searching. W ith them the orderly marshalliii.ijf 
of the ultimate atoms in crystals, indicated by external faces and 
symmetry, has been proved; the new elements hafnium, masurium, 
rhenium and illinium have been discovered; the ])hysical projxirties 
l)ractically desirable or undesirable, of such materials as metals and 
alloys arc being fundamentally related to structure; dcix^ndable in- 
formation is being obtained on grain size, purity, solid solution, lattice 
distortion, internal strains, atomic sizes and shapes, allotropic modifi- 
cations, valence, density, as these concern crystals ; the organic chemist 
has had the structural theories, u])on which his science has been built, 
directly verified in the X-ray t)roof of the tetraherlral valency of 
carbon; of the 6-carbon ring of benzene, taken over from graphite; of 
the length of long chain compounds ; and of the constant etTect of adding 
successive carbon atoms. Thus he finds elegant new methods of deter- 
mining molecular weights, ]K»lymerization, chemical reactivity, isomer- 
ism, explanation of optical activity, and the positions of ]X)lar groups in 
molecules. 

The analytical chemist has found in X-ray analysis by several 
methods a new mode of attack. The inorganic chemist has at last 
discovered the method of establishing such logical relation.ships as have 
been the strength of the organic branch of the science, so that he can 
correctly predict just how the atoms in triammonium heptofluohafniate 
or other compounds should dispose themselves. The industrial chemist 
and the engineer are just now awakening to the realization that here 
is a fundamentally scientific method of research which may solve many 
of the very difficult directly practical problems of efficient production 
of commodities, and naturally assist in the development of a vigorous 
manufacturing * technique. 

It is but natural, therefore, that the chemist who is primarily in- 

*45 
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terested in the colloidal and amorphous states, in gels, extremely small 
particles, thin films, etc., should be asking whether X-ray science holds 
any promise for the problems which confront him, even granting that 
the extension from the province of the truly crystalline state is a priori 
attended with little promise. It is the purpose of this paper to present 
briefly an account of the achievements of X-ray researches thus far 
in the newly tried fields of colloidal and amorphous materials, and 
thereby to give some indication of what may be hopefully expected in 
the future. Two distinct ty|x?s of applications of X-radiation must 
be at once distinguished, namely, (1) the chemical, physical or bio- 
logical action of the radiation u|>on colloidal and amor]>hous systems, 
and (2) the utilization of the radiation as a means to structural 
examination. 

II. The Direct Action of X-Radiation: 

At the outset it must be stated that present-day knowledge con- 
cerning the direct action of X-radiation photochemically, catalytically, 
or biologically is very limited — far more so than is true for the ultra- 
violet |X)rtion of the electromagnetic spectrum. The number of funda- 
mental investigations is small, because of exi)ense of apparatus, lack 
of trained research workers and inherent difticulties involved in using 
a radiation which is so penetrating. Tt has been known since the dis- 
covery of the rays by Roentgen that they ioni/e gases ; yet there are 
no quantitative measurements on gases under strictly comparable con- 
ditions related to the amount of radiation energy and the liberation of 
corpuscular rays, which C. '\\ R. Wilson and the Hraggs showed to be 
the real ionizing agent. If, then, the chemical action of X-rays follows 
a primary ionization, fundamental data for interpretation are lacking. 
From a colloidal |X)int of view, the more interesting observations on 
X-ray action which have been made are as follows : 

(1) The coloration of minerals, softs and (jiass. While the violet 
coloration of glass, etc., has been a^^cribed to oxidation of manganese, 
Dauvillier has pointed out that the observable chemical effects of 
X-rays are always associated with compounds which are known to 
contain ions — salt crystals, colloids, glasses and even electrolytes. 
Corpuscular rays, liberated by X-rays, by impact negative ions to 

lose electrons, which are relatively slow moving and neutralize neigh- 
boring positive ions. Coloration results from the formation of neutral 
atoms or even of colloidal particles. In alkali halide crystals the color 
fades logarithmically with time when removed from the X-ray beam, 
by a reverse process. The photoelectric and ])hotoluminescent effects 
and recent measurements of absorption spectra of colored specimens 
seem to lend weight to this theory of mechanism. 
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(2) Photochemical action. The clYect of X-rays on the pho- 
tographic plate is, of course, familiar in its similarity to light. Instances 
of i>ositive effect on chemical reactions are very few. Clark, Mead 
and Cochrane ' in very careful experiments found that, whereas ultra- 
violet light or radiation from a Mazda lamp had enormous accelerating 
effect upon the oxidation of benzaldehyde, ruhher and transformer oil, 
a heterogeneous beam of X-rays from a tungsten target tube oi)eratcd 
at 100,000 volts had no photochemical effect whatever. The difficulty 
involved lies in the failure to absorb the X-radiation. A very hoi)eful 
modification of these experiments lies in the use of an admixture of 
an insoluble inactive colloid, particularly of a heavy metal or its salt. 
Peskov has already found that colloidal hariuni salts with diastase in- 
crease by twenty-fold the influence of X-rays in diminishing activity. 
The decomiX)sition of ortho-nitro-benzyl alcohol is similarly infiuenced. 
d'hc mechanism involved, of course, is to be found in the absori)tion of 
the primary rays and re-emission as secondary rays by the small 
Ijarticles intimately in contact with reacting molecules. Research along 
this new line in colloidal chemistry pronii.ses imj)ortant results. 

Colwell and Ru.'‘S in 1912 reiK>rted ([uantitative measurements 
on the transformation of starch sols into dextrin under the influence 
of X-rays. Pecausc of the entrance of such variables as temi>era- 
turc and hydrolysis, whicli may produce the .same effect, the proof 
of radiation effect is doubtful and apixirently has not been definitely 
checked by other investigators. The same may be said of the con- 
versions of cane sugar solutions, reported by 1 'email. 

(3) Flocculation of colloids. I'hat there is a definite tendency 
for X-rays to induce flocculation of colloids under certain conditions 
seems established. Fernau rejxjrted that J(-rays coagulate cerous 
hydroxide and albumin sols. These effects are also produced by 
hydrogen peroxide and ozone, .so that X-rays may cau^e formation 
of hydrogen {peroxide in the solution, which, uixm return to water, 
liberates electrons which in turn neutralize the positively charged sol. 
Dognon very recently has re]>orted exi^eriments on gum mastic sols 
which flocculated when irradiated with a homogeneous beam such 
as the Ka rays from molybdenum. A heterogeneous beam, on the 
other hand, produced no such effect, indicating some kind of antagr 
onistic effect which seems inexplicable. A careful examination of the 
original paper discloses no ap]>arent flaw in manipulation or in un- 
derstanding of filtration. 

A beam of general radiation from a tungsten target passed 
through five identical cells containing the sol and flocculation was 
greatest in the fifth, although the intensity was 0.01 as great as in 
the first cell. On the other hand, a monochromatic beam produced 

* Proc. Int. Congress of Radiology. London (1925). 
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greatest flocculation in the first cell. Such observations, however, 
require many reix:titiuiih and cliecks against unrayed suls in order 
to avoid errors in interpretation. If this effect is substantiated it 
should be of immeasurable importance in the technique ot irradiation 
of biological colloidal systems such as the human body. 

( 4 ) The activatioiu of colloidal catalysts. This held has been 
sulijecled only to a preliminary survey, but the results are of great 
interest and promise, i'he oxidation of SO2 to SO3 in tne presence 
()l colloidal platnuun (the so-called sulphuric acid contact process) 
has been studied recently by Clark, McGrath and Johnson ‘ for a 
single set of conditions, except unrated and rayed catalyst, and pres- 
ence or absence of moisture m the gases. The temperatures through- 
out were 275° C, in the preheating zone and 300° for the catalyst 
zone. A mixture of 16 cc. of SCC and 210 cc. of air per minute' 
was passed over the catalyst. W’hen dried with ICO 5 the percent- 
age conversion was only 3.25 jx‘r cent. U.sing air in which the ratio 
of water to air was 0.0130, a convcr.'-ion of 88 per cent was obtained. 
Alter raying the catalyst for 3 hours with rays from a tungsten 
target tube otxrated at 100,000 volts, the conversion rose to 94 
per cent. 'Fhis value was maintained for 5 hours and then a rapid 
drop to 84.5 ixr cent ensued, followed by a recovery to 87.3 per 
cent after 9 hours and a slow decrease to a constant value of 84.3 
per cent. A second irradiation caused an increase to 87 [XdV cent 
only, followed by blight evidences of the minimum and recovery 
noted after the first raying and then the gradual decrease to the 
same constant value of 84.3 per cent. A third irradiation- produces a 
practically negligible change in conversion. These results are shown 
graphically in Figure 1.* 

'fhe runs made on wet air gave a conversion which was nearly 
30 times that obtained when the ga^es were dried, it would seem 
almost impossible that moisture could have this effect if the mechanism 
of the reaction were a simple process, such as the adsori)tion of the 
reacting gases and reaction on the catalytic surface, it would seem 
essential that the moisture forms some comiX)und with the SO 2 which 
is easily oxidized or some easily reducible oxide with the catalyst 
itself. The mechanism, suggested by Schwartz and Klingenfuss,® of 
the formation of an oxide with the platinum may explain the activa- 
tion of the catalyst in the presence of moisture. After X-ray activa- 
tion, probably by ionization, a measurable amount of material is 
attached to the catalyst, which is reducible by potassium iodide solu- 
tion. There is actually more oxygeit in the platinum catalyst after 
raying than before. 


• Proc S'at. Acad. Scirnceif, 11. 646 (1926). 

•Z. Ucktrochem., 28, 472 (1922); 29, 470 (1923). 
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On the other hand, sufficient data are not yet available to per- 
mit an adequate explanation of the sudden drop in activity or '*tiring” 
of the catalyst five hours after raying, with subsequent recovery* or 
of the decreased effect of raying after the first time. Undoubtedly 
an adsorbed film of H 2 SO 4 on the catalyst is being built up to a 
thickness which is less easily ionized by X-rays. To tlie extreme 
sensitiveness of most catalysts to heat treatment and to ixusons, as 
regards adsorption and activity, must be ascribed these complicated 
phenomena. 

The action here is in several ways strikingly similar to that found 
by Grube and llaumeister for the changes ip potential of anodically 



I'lc. 1. — Effect uf X-radiation in moist atmosphere on conversion of SO* to SO'i 

polarized i>latinum electrodes under ordinary light and X-rays, both 
as regards the course of any one curve with time, and the smaller 
changes with .subsequent ex]K>sures to radiation, llaur's theory of 
photolysis may apply in both cases. '1 he effects of a quantum of radia- 
tion on a molecule E is exi)ressed as /: -j- /iv /{" (active). Then 

f _L. -L 4 - 20H' - PtO, -f- HX) 

2 PtO,| =PtO-fH,(). 

The changing relationships between these three transient oxides 
may account for the observed peculiarities. 

It is obvious tliat the present exi>eriments are but preliminary 
because of the large number of variables involved, which must be 
investigated: comix)sition of gases, rate of flow, pressure, mois- 
ture content, preheating temi)erature, catalyst temperature, amount of 
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catalyst, time of raying, X-ray wave-length, runs after or during ray- 
ing, aging <jf catalyst, tyix^ of catalyst and support, particle size, etc. 

(5) The effect of X-rays on biological colloidal systems. It has 
been indicated that in all experiments designed to determine the direct 
action of X-rays, the variables are difificult to control. In the study 
of the action of X-radiation on living matter, certainly the most in- 
teresting and imiK)rtant both practically and theoretically, the addi- 
tional variable of life produces complexities which have so far de- 
fied satisfactory interpretation. As Dr. James Ewing * in his masterly 
Caldwell lecture “Tis.sue Reactions to Radiation” puts it: “Ultimate 
knowledge of the mode of action of radiation still eludes our grasp.” 
Si)eaking of action on human tissues, he says “More than a decade 
ago one could trace in detail the nuclear and cytoplasmic reactions 
following irradiation, the preliminary hyperemia, cell liquefaction and 
necrosis, the appearance of phagocytic cells, the growth of granula- 
tion tissue, the extreme overgrowth of lymphocytes and plasma cells, 
the healing by sui)ple scar tissue. . . . The very voluminous con- 
tributions of the past decade have served to clarify many details . . . 
but no new and fundamental principles of reaction have been estab- 
lished.” The subject by its enormity and by the vast number of un- 
connected, largely uncontrolled observations recorded in the literature, 
ranging all the way from a single cell nucleus to a complete human 
system, is ap])alling, particularly in light of the urgent need to have the 
ultimate knowledge which will permit accurate, scientifically founded, 
radiation therapy.® 

In general, the rule holds that small dosages tend to activate and 
stimulate various functions and chemical reactions in biological col- 
loidal systems, while larger dosages destroy, either instantly or after 
a latent period. Phis law has been tested on seeds, eggs, single cells 
and organisms of every imaginable kind. It has found practical ap- 
plications in the destruction of tobacco worm larvre, cotton boll weevil, 
the flour w’eevil (tribolium confusum), etc. Daily in great hospitals 
throughout the world cancer |>atients are being cured or relieved 
through the agency of X-rays or radium, in spite of the enigmatical 
phases. As inquiries into the ultimate nature of the action of rays 
U|)on tumor and tissue cells become more fundamental in terms of 
physics and chemistry, they become less satisfying in terms of biology. 
Such tissues are not merely aggregates of cells but are highly com- 
plex systems of related and interdei')endent structures ; purely chem- 
ical or physical data can never explain their behavior. And yet it 
is highly important to review briefly a ‘few of these observations. 

First, the cell and nuclear membranes become more permeable. 

* Am, 7. Roentgen: lopy and Radium Theraty. 16, 93 (192#?). 

• Cf. Stenstroin, 7. Cancer Research, 9, 190 (1925). 
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“The marked swelling of irradiated nuclei and the ballooning of the 
cytoplasm are most easily and probably correctly interpreted as an 
increased capacity of these structures to absorb water, through an 
altered cell membrane. The nature of this cell change escai)es us, 
but again assuming the simplest cause, one must supjKJsc that intra- 
cellular chemical changes produce new electrolvtes by devomposition 
of salts, proteins and fats and that w’ater is drawn in by simple 
osmosis.” “ One of the gross effects is the actual closing of blood 
vessels and a disturbance of the vascular supply. Unfortunately there 
are no simple chemical studies com])aring normal with heavily irradi- 
ated tissue. Again, radiation inhibits cell ferments. Hussey has 
shown that simple solutions of j)ei)sin or tr\psin are inhiliited in action. 
Theories of splitting of cholesterin, of ionization of cell constituents, 
of colloid coagulation by points of radiation heat (Oessauer), in- 
crease in H-ion concentration, alterations in the dispersion phase, 
changes in the electric charge of tlie colloidal constituents, disinte- 
gration of lipoids, changes in albumin, increase in the ratio Q -- 
K{ bHPOr + HPOj )/Ca ' are among the okservations and theories 
which may be laying the basis for the solution of the problem. Per- 
tain it is that tissues must be considered as a whole. “(.)bscrvations 
are thus slowly accumulating to .show that irradiation, in addition to 
inhibiting or destroying tumor tis.sues where the cells have the pre- 
dominant function of growth, may exert a favorable influence upon 
the nutrition and metabolism of the body as a whole, may reduce 
the deleterious effects of the tumor and may jHissibly cause some non- 
specific jirotein immunization (deri\ed from the ilying tumor cells 
and called by Ca.^pari nec-rose-hormoivs ) winch increases the resistance 
of the body against the tumor, and in favorable cases may thrfiw 
the balance of nutrition decisively against the unstably nourished 
neoplasm.” In the new joining of research forces to gratijile with 
this great problem, with its manifold ramifications, the colloid chem- 
ist must play a great part. 

III. X-Rays as a Means to the Study of Colloidal and Amorphous 
Structure : 

While here again a new branch of .science must be dealt with, 
the results so far obtained are considerably more definite and reliable 
than can be said for the study of direct effects of X-radiation. 

(1) The identification of the states of matter by X-ray diffraction 
patterns. It is just now becoming possible by means of X-rays to 
gain a true insight into the solid state. There exists no longer a 

• Ewing, loc. cit. 

Kroetz, Biochem. Z., 161, 449 (1926). 
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sharp line of demarkation between crystalline and amorphous States. 
Present conceptions may be outlined briefly as follows : 

Crystalline. In crystals the atoms, ions or molecules are regu- 
larly arranged in space in parallel planes, which for any one set all 
alike are equally spaced, h'igure 2 is the photograph of a large model 
of a sodium chloride crystal. X-rays are diffracted in sharply de- 
fined directions as I.aue six)ts or sj^ectral lines. Even powders or 
aggregates characterized by random distribution of the single crystals 



or grains produce ilefinite diffraction lines. These are .sharp and 
uniform throughout when the diameter of the diffracting particles 
lies between 10 * and 10-« cm. If larger than lO"* cm., the diffraction 
lines become dashed and spotted as would be ex^^ected for larger single 
crystals; if smaller than 10® cm,, the lines l^ecome broader in propor- 
tion as the particle size decreases in the colloidal range. The equa- 
tion connecting line breadth and particle size will be considered below. 
The lower limit of size which will still produce distinguishable though 
broad powder diffraction lines has not been accurately determined but 
is the subject of fundamental and quantitative study in the writer’s 
laboratory; certainly particles with a size as small, or films as thin. 
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as one ^ give very satisfactory crystal diffractions, provided, of course, 
that an undistorted crystal space lattice remains. 

Amorf>hous. In amorphous materials the atoms or molecules are 
not arranged upon a definite space lattice, nor even in equidistant 
parallel layers with otherwise perfectly random distribution. The 
typical diffraction results are general darkening of the film or, usually, 
one broad diffuse band (sometimes two or three), easily distinguishable 
from crystal spectra, even from the diffraction effects of colloidal crys- 
talline particles. Liquids, glasses, gels, ordinary unslretchcd rubber, 
resins, varnishes, celluloid and allied materials belong to this latter class. 
The appearance of even a single distinguishable band is, of course, 
a point of great interest, since it indicates chance formation of lattice 
structure during thermal agitation of molecules (particularly in liquids), ' 
or diffraction by regularly spaced atoms randomly disposed 

molecules, or formation of molecular aggregates, “ or crystal frag- 
ments.® De Smedt has shown that the j)osition of these bands 
is very sensitive to t>olymerization and that the degree of polymeriza- 
tion can actually be calculated, assuming compact spheres, in the 
formula 




1.33 


lAf 


where M is the simple molecular weight, d the density and n a whole 
number, representative of the degree of ixilymerization, which can 
bring the calculated value of h into agreement with the exjxiri- 
mentally determined s))acing a — 1 J Ik / sin B/2, 0 being the angle 
of the diffracted cone of rays, 'riuis the value of n is I for ethyl 
acetate and butyric acid, and 3 for j)araldehyde and benzyl benzoate. 
These considerations of jxjlymcrization are being adapted with inter- 
esting results by the writer in the study of i)olymerized complex 
glycerides in linseed oil and cumarone derivatives. 

Practically all so-called amoridious substances give the.se crystal- 
fragment, low-resolution phciKunena, but a few give truly amorphous, 
general scattering, such as liquid mercury, metallic potassium at ordi- 
nary temperatures and certain carbon blacks discussed below. 

The Mesomorphic State, The recent classical paper by Friedel,*' 
still far too little known and appreciated, has demonstrated the ex- 
istence of definite intermediate birefringent states between the crystal, 
characterized by discontinuous vectorial properties, and the amorphous, 
characterized by isotropy. His studies were particularly related to 
those organic substances, largely cholesteryl esters, which form liquid 


• Cf. Wyckoflf, Am J. Set.. 6, 456 (1923) a u ,nnc 

*Cf Stewart, Morrow, and Skinner, .im Pnyt. Soc., November, 1926, meeting. 

toe. chim. Bela., 10, 386 (1924). 

»/. chim. Fhys. (7), 18, 278 (1922). 
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crystals. As the temijerature of the amorphous isotropic liquid is 
lowered, there appears discoiitinuously the nematic state, or the related 
cholesteric state, in which molecules have a common direction, but no 
other arrangement, then the smectic state in which the molecules are 
now also in equidistant parallel layers, and finally the crystalline, 
in which there is definite arrangement in all directions. Friedel has 
proved that the nematic state diffracts X-rays just as amorphous, 
periodicity-lacking substances ; the smectic state gives X-ray diffraction 
lines corresponding to the j)arallel-laycr arrangement. Recent efforts 
to criticize Friedel’s classification based upon results with long chain 
acids, have been set at naught by Fnedel’s proof that the substances 
were truly crystalline in producing side spacings on X-ray films charac- 
teristic of molecular cnjss-sections, in addition to the larger si)acing 
corresponding to length. 

The mesomorphic i)hases, therefore, represent the primary orienta- 
tion of the molecules in i}arallel thermal layers in melts or solu- 
tions. This results, according to the theory of Rinne,'^ in swarms 
of minute colloidal crystallites which combine with a growing nucleus 
to give the completed crystal. 

Two new terms will be used to describe the intermediate i-tates 
which are neither amorphous nor crystalline in the classical sense. 
These states rei)resem the first tendencies for molecules and atoms 
to orient symmetrically as to direction and spacing. 'I'he paracrystal- 
linc state is that involving the true, incipient and transition processes 
which ultimately yield the true crystal with its permanent symmetrical 
disi>osition in direction and space. The metacrystallinc state is a 
transient symmetrical arrangement of diffracting centers under spe- 
cial external conditions, which is not a transition towards a true 
crystal. The best example of the metacrystalline state is stretched 
rubber and gelatine. As will be described later, stretching causes a 
symmetrical arrangement of molecules in spacing and direction so 
that X-rays may be diffracted in a manner analogous to that in 
true crystals; release of the tension on the sjxicimen causes a return 
to the original condition. 

In liquid crystals the long molecules have oriented themselves 
in their own electrostatic field. A similar result may be accom- 
plished artificially. Molecules of CS., CeHsNOo, etc., orient in an 
electric field (Kerr effect) ; fatty acid molecules definitely are oriented 
at interfaces; many adsori)tion phenomena on catalysts and other sur- 
faces must involve orientation. Remarkable verification is found 
in recent optical observations by Rinne on adsorbed water in zeolites, 
layers replaced by alcohol, mercury, etc., and of Frey, who found 
that dyes impregnating plant fibers and inducing birefringence and 

Noturwissfnschaftcn, 32, 691 (1925). 
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pleochroism are not in the state of small crystals but molecules di- 
rected by adsorption forces. Sols of Fc(OIi) 3 , ])enzopurpurin 

4B, etc., are shown optically to undcrj;j;o definite sjvjiuaneous struc- 
ture formation. These interesting fields are now being subjected to 
careful X-ray study in the writer's laboratory. Sharp ditTraction 
effects are not to be exj^ected obviously if these paracrystalline layers 
are only one or two molecules thick. Some experiments with oleic 
acid in an extremely fine capillary tube indicate very surely that the 
long molecules are being constrained to parallel layers, for the usual 
single amorphous band for the licpiid in mass becomes noticeably 
narrower and there are faint evidences of other hands on the ph<»to- 
graphic film. 

Certain carbon lilacks disjday other phases of the ]iaracrystalline 
state of matter. The transitions here, as also possilily in the very few 
cases of amorphous solid metah, oxides, etc., occur entirely in the 
solid state from anioq)h()Us to crystalline limits. Debye and .St^^herrer 
u]X)n the basis of X-ray examination dcridefl that there were mily 
two modifications of carbon, graphite and diamond, and that so called 
amorphous carbon was merely grajdiite in an extremely fine state of 
.subdivision. Clark and Alin, howe\er, agree with Ruff, .‘schmidt 
and Olbrich^^ in that the amorphous .-tate actually is the third modifica- 
tion of carbon and that there is a paracrystalline state between 
amorphous and crystalline. C'ertain charcoals and blacks ])roduce only 
the characteristic amorphous scattering. For some of these even the 
single broad diffuse band on the X-ray diagram is very ill -defined. 
These carbons arc characterized by high adsorption activity ina'-much 
as the carbon valences are essentially unsatisfierl, a definite solubility 
in oxidation media, and a definite specific electric resistance. As they 
are subjected to heat treatment, for example at IlOO” C., the activity 
decreases, the solubility decreases, and the s])ecific resistance decreases 
to values corresponding to grajdute, but the X-ray diagram remains 
essentially uncljanged. This transition can be followed perfectly 
through the intermediate stages during heating at high temjieratures 
for varying lengths of time. The considerable lag of the change in 
X-ray structure behind the change in the physical and chemical prfip- 
erties is evidence of the paracrystalline state, in which by vaporiza- 
tion and diffusion processes, the atoms are becoming linked by valences, 
but the layers ?o arranged are still too few, or are so distorted and 
bent that graphite interference lines are impossible. 1'he amorphous 
ring, however, tends to become more sharply defined; other bands 
close to the center begin to appear very faintly as the heating is 
increased; next, outlying bands corre.sponding to graphite interfer- 
ences which have been so diffuse as not to appear visible, define 


Z. anorg. Chem., 148, 313 (1925). 
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themselves and then, continuously but very rapidly, the entire graphite 
spectrum appears. These studies would seem, therefore, a direct evi- 
dence of far more continuous transitions between amorphous and 
crystalline than is true in the apparently discontinuous changes from 
amorphous fluid to mesomorphic liquid crystal to crystalline solid. 

(2) The X-ray structures of colloids. It is clear that colloids 
may give diffraction effects characteristic of crystals, of the inter- 
mediate paracrystalline condition, or of amorphous substances. Col- 
loidal metal sols in general give the diffraction j^atterns characteristic 
of the massive material, except that the lines are broader in propor- 
tion as the particle size is smaller. The outer interferences on a 
|K)wder diffraction sjK*ctriim, which are normally weak in comparison 
with low-order diffraction lines close to the zero position for densely 
populated planes, may actually disappear because the energy is spread 
over greatly widened lines when very small particle size or a para- 
crystalline condition is reached, while the inner interferences remaiti 
visible though greatly diffused., Thus calculation will show that 
particles containing 5 or 6 carbon atoms will show visibly only the 
innermost interferences, greatly diffused and characteristic of the para- 
crystalline condition. 

luen e,els, rubber, glue, resins and li(|uids will show a diffraction 
hand which might he identified as the paracrystalline broadening of those 
interferences which would appear if the material were crystalline. This 
has certainly been proven by Stewart. Morrow and Skinner for molten 
and solid naphthalene, a- and |I-naphthol, the broad interferences of the 
liquids persisting to the freezing point. 

(3) The practical determination of crystallinity. Several inter- 
esting researches have established the qualitative value of X-ray dif- 
fraction for the study oi the conditions of precipitation for true gels 
or for crystals. of a desired size particularly of such hydroxides as 
aluminium, zinc, calcium, etc. Similarly the X-ray detects with great 
sensitiveness the aging of gels and the first appearaneg of any separat- 
ing crystalline nuclei not discernible by any other method. 

(4) The determination of particle si::c. By virtue of the fact 
that the diffraction lines from crystalline particles with a diameter 
less than 10 “ cm., become broader, Debye and Scherrer were able 
to derive their equation connecting line breadth with particle size: 


B = 



X 1 , ^ 

D cos 0/2 


where* £? is the angular breadth of a diffraction halo measured between 
points of half-maximum intensity, © is the diffraction angle, X the 

** Loc. cit 
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wave-length, D the average thickness of the crystal imrallel to a cubic ' 
axis, and h is the minimum breadth determined by the particular ap- 
paratus. Debye and Scherrer in this way determined the size of 
colloidal gold particles as 18.6 A.U., or about 4 to 5 times in any direc- 
tion the size of the ultimate unit crystal cell of gold. 

Gark, Asbury and Wick were the first to make a study of 
j)article size as related to the activity of finely divided catalysts. 
They measured photometrically the line breadth of diffraction S[)ectra 
from a number of nickel catalysts, with identical crystal lattice tyixi 
and dimensions, prepared in various ways, and differing in catalytic 
activity in hydrogenation and dehydrogenation processes. Most of 
the catalysts consisted of particles somewhat larger than lO^ cm., 
and the Debye-.Scherrer equation did not hold. In general, increase 
in activity and decrease in jiarticlc size did not run parallel as might 
be expected, but, within certain limits of size, actually opjx'ksite. 
Thus a catalyst, prepared by reduction with sodium hypophosphite and 
ixxssessing dij-tinctly the smallest particles in the colloidal range, was 
relatively inactive. 

New un]>ublished studies by Clark and Ahorn, however, on 
p'atinum catalysts ' used in the contact sulfuric acid process, show a 
more promising relationship between decreasing particle size to an 
optimum size, with increasing activity. A large number of difficultly 
controllable variables are concerned since the particle size is deter- 
mined not only by the metal and by the state as a “black'' or a sponge, 
hut by very slight differences in any given method of preparation. 
Anticipating these results I,evi and llaardt’® have made a l)eautiful 
study of particle size of the platinum family of metals from the 
photometered X-ray diffraction spectra, with the result that the granules 
of Pt were 12 to 29 times as large on the .side as the unit cube; Pd 
13 to 29, Rh 6, Ir 4, Ru 7 to 8, and Os 6 (latter two hexagonal). A 
good automatically registering densitometer is essential to such studies 
of line breadth. The lower limits in hzc are com])arable with col- 
loidal preparations of the highest degree of dispersion. This type 
of investigation can be applied with great value to the study of 
all paints, pigments, dyes, enamels and allied substances. As an 
example may be shown diffraction spectra of three samples of 
stannic oxide, SnOa- It is interesting that cas.siterite, artificially pre- 
pared SnOo and metastannic acids all yield the same characteristic 
spectrum for a tetragonal lattice similar to that of rutile, TiOg, with 
two* molecules in the unit cell of dimensions do = 4.72 and Co = 3.16 
A.U. Figure 3A is the spectrum for one of the samples in which 
the particle size lies in the diameter range between 10"® to 10^ cm. 

»•/. ^m. Chem. Soc., 47 , 2661 ( 1925 ). 

^ Atti. Accad. Lined ( 6 ), 3 , 91 ( 1926 ). 
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The lines are numerous and so sharp that the Ka doublet of molyb- 
denum is easily resolved. The particles are, therefore, of the order of 
1000 times as large as the unit tetragonal prism for the oxide. 

b'igure 3B represents another sample of equal purity but of 
smaller particle size. Numerous lines are still present but they are 
broader, the a doublet is not resolved and some of the outermost lines 
observed in the first sample are no longer visible. It hapj>ens that 
the size here is just below the limit of the range for sharp lines, 
or about 2 X 10"'‘ cm. Hence the particles are 50 times as large 
as the unit prism, bigure ^C rei)resents the practical limit of visible 
crystalline diffraction. Not more than four very broad lines in the 

rj I 

II I 

A 



Fu’i. 3. Diffraction hpcctra of throe samples of SnO^ showing how particle size 
affects lino width. 


position of the most intense SnO. interferences are visible. This 
spectrum has not been microphotometcred, but rough measurement 
and calculation gives a value of D in the Debye-Scherrer equation of 
about 5 X I0”‘ cm. I he t)articies are only about 10 times as large 
as the unit cell, and hence are comparable with extreme colloidal 
dispersion. The inq^rtance lies in the fact that the opacity and 
covering power of paints, enamels, etc., varies greatly with the particle 
size. It is experimentally iM).ssible to obtain all ix>ssible gradations 
between the last two si>ectra, and hence to control the production of 
Sn 02 for any desired property. 

Another interesting field for the study of colloidal particle size 
is in metals. Martensite, one of the phases of the metastable iron- 
carbon diagram, always gives broad diffraction lines in the same 
positions as for pure a-iron (body-centered cubic). So diversified 
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are the theories concerning martensite that Sauveur ” has recently 
collected the opinions of 22 authorities in order to arrive at some 
common basis. The consensus seems to favor a solid solution of 
a-iron and carbon. Westgren calculated from his spectra a i^rticle 
size of 10"^ cm., and Wever found 10"'. Very recently, with the 
assistance of a precision microphotometer, Selyakow has deter- 
mined the size as 2 X 10-'‘ cm. He has followed aho the effect of 
heat treatment in narrowing the diffractitm lines and causing the 
apjx^arance of cementite, FqX. at (>25° C. C'lark and llrugmann in 
studying the structure of case hardened steel, which is martensite 




]'i(i 4. — Pinhole tliaf^rani of case Iiardeiuul steel showing very small grain size. 

and trwstite very largely, found the characteristic very Itruad diffuse 
diffraction bands, indication of a particle size nearer 10 ’ than 10 
cm. A typical X-ray i^inholc diagram is shown in Figure 4. Lucas 
has observed under his ultraviolet micro.scope that even troostite ap]iears 
as a perfectly homogeneous mass iiulicative of subultraviolet crystal size, 
except for faint evidences of crystalline form at grain boundaries under 
polarized light. 

Clark, Brugmann and Kaufmann have recently devised an aj)- 
paratus for taking X-ray diffraction photogra])hs of surfaces.’” A 
photograph of the apparatus is shown in Figure 5. A beam of 
X-rays defined by pinholes impinges u])on the surface of the sjxjci- 
men on the central mounting which can be inclined to a definite 

” Trans. Am. Inst. Mining Met. Eng., 

*• Trans. Phys. Trek. Lab. Leningrad. 100, 34 (1925), 

“ Announcea at Tulaa meeting of the Am. Chem. Soc,, Apr 1926. 
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angle of incidence, 0. Automatically the flat film cassette i.. inclined 
at 20 so that the diffracted X-rays will fall normally upon the film. 
By varying the angle of incidence it is possible to secure different 
degrees of iienetration into the specimen. In Figure 6 is shown 
the structure when a beam barely grazed the surface of a worked 
duralumin specimen. The diffraction rays are so broad that the) 



Fu;. 5. — New apparatus for stud\ of surface reflections 


practically merge into each other. Hence the outermost grains have 
been broken up into particles of colloidal dimensions and probably 
distorted in the rolling process. The theory of amorphous metal on 
rolled surfaces is, therefore, not so visionary as recent investigations 
might indicate. A slightly greater angle of incidence brings out 
the typical sharp rings characteristic of grain size in the interior 
metal only a very few atom layers below the surface, as shown in 
Figure 7 . With this simple apparatus remarkable results are being 
obtained on surfaces and very thin films of many kinds. 
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ft Diffraction i.liotograpl.s of rolled duralumin sheet taken on apparatus in 
Fimtre 5 with 5" grarntg angle of incidence; distortton and lireaking up of 
grains on sttrface ate indicated. 


m 


Ftc. 7.-Sa.ne as Figure 6 exceptjug that the angle 25^ Note regular reflections 
from well-acfined inttmor crystals. 

Davis and von NardrofT liavc recently presentetl a mathematical 
relationship depending upon refraction by small particles, wlndi tray 
be of great importance in the range of particles between lO* and 

*»Am. Phys. Soc., April, 1926, meeting, Wanhington, D. C. 
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10 " cm., ncjt otherwise measurable. They find experimentally upon 
their rocking spectrometer an effective particle size in a sample of 
graphite of 3.5 X 10 cm. 

(5) 'I'he structure of rubber by X-ray analysis. For more than 
a year and a half the writer has been using X-ray methods in the 



Inti. 8. New Multiple X-Ray Spccti^gvaph combining the pcAvdcr diffraction and 
monochromatic pinhole method. 

investigation c)f the fundamental ultimate structure of rubber and 
allied substances.*' 'Fhe detailed observations have not been pub- 
lished. Recently, however, several pafxirs by J. R. Katz** have 
appeared, which reix)rt the results of comprehensive experiments on 
the structure of ntbber as revealed by X-ray examination. The 
essential results have been cotifirmed both in the writer's laboratory 
and by Hauser and Mark.** The pinhole method, with X-rays of a 

Clark, Am. J. Roentgenology and Radinm Therapy, 12, 556 (1924). 

** Chemische Z.. 49, 953 (i925); Naturwursenschaften, 30. 410 (1925); Z. angew. 

439\ 646 (1925); Kolloid Z., 36, 300; 37, 19 (1925). 

** Kautschuk, December, 1925, p. 10. 
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single wave-length from a copier target X-ray tube, has been used to 
best advantage by all investigators on rubber. The new multiple mono- 
chromatic pinhole apparatus used in the writer’s work is shown in 
Figure 8. It has been fully described in a recent pa[)er.“< 

The structure of ordinary rubber. .\ny sample of pure Hevea 
or vulcanized rubber produces the X-ray diagram ty]jical for an 
amorphous material, i.e., a single broad diffuse ring. Such a diagram 
is shown in I’igure This fact has of course been known for sev- 
eral years. 



Fio, 9.— X-Ray Spectrum of pure unslretclicd rubber. 


Crystalline material in rata rubber. Many samj>les of rubber be- 
fore mechanical or heat treatment contain crystalline material. This 
is proven by the presence of practically continuous concentric rings 
(Debye-Scherrer-Hull), indicating also random arrangement, in addi- 
tion to the amorphous band. Katz reports the following results: 


Yellow crepe 

Thick white crepe (shoe soles) 

Light brown crepe 

Ribbed smoked sheets 

Raw para rubber, washed and dried 

‘Tatentgummi,” light yellow unvulcaiii/ed. . , . 

“Patentgummi,” brown unvulcanizcfl 

Dried latex 


Crystal interferences good 


very good 

doubtful 

good 

excellent 

none 


These crystalline ring interferences on the films disapj:)ear when 
the rubber is masticized or heated and do not reappear. They re- 
main when the raw rubber is stretched even to a large i^er cent 
extension. Hauser and Mark have l>een unable to discover crystals in 

“Clark, Brugmann, and Aborn, J. Optical Soc. /1m. and /?«'. Set. Jnrts., 12, 879 (1926). 



164 COLLOID SYMPOSIUM MONOGRAPH 

any of their samples of raw rubber, and Clark and associates have found 
only doubtful evidence in one or two cases. 

Pummerer and Koch have been able recently to isolate color- 
less and comparatively non-elastic crystals from smoked sheets by 
repeated extractions and purifications. 1 he analysis of the crystals 
indicated pure CsHg. An X-ray powder diffraction spectrogram had 
lines corresponding to a monoclinic crystal lattice and a unit crystal 
cell of the dimensions 4.8d X 4.71 X 5.33 X 10"" cm., and an angle 
hetween axes of 77"" 19'. The cell contained only one molecule of 
CbHh, as calculated from the volume of the cell and the density of 
the crystals (0.94). In several trials Clark ano associates have been 
unable to duplicate this work. 



Im(.. 10 - X-Ray spectrum of pure rubber stretched 500 per cent. 

lifted of freezing rubber. Katz, as well as others, has attempted 
to cause rubber to crystallize at low temi>eratures. All efforts so 
far have failed to produce any change in a product which gives the 
amorphous X-ray diagram. The results of experiments by Simons 
and Simson who are subjecting rubber to temperatures of — - 183*^ C. 
for some time, will be awaited with interest. 

The effect of stretching rubber. This effect is by far the most 
important of all those observed. In all cases when the rubber is 
stretched, the X-ray diagram shows a marked change. In addition 
to the amorphous ring which is always evident, but decreases in in- 
tensity with increase in elongation, there appear definite interfer- 
ence spots, which become sharj)er and more distinct the greater' the 
stretching, but retain the same position. Pure Hevea rubber must 

"Liebig's /Inn., 438 , 294 ( 1924 ). 
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be stretched about 75 per cent before the crystal-like spectrum appears. 
From here on to the breaking point the specimen produces a pure 
fiber diagram with the spots lying on hyperbolas as shown in Figure 
10. There is no tendency for the spots to merge into the rings char- 
acteristic of random arrangement. Hence, here is a case of the 
appearance during the stretching of metacrystalline ditTracting mate- 
rial, all arranged parallel with resj^ect to the direction of the applied 
tension. The exactness is indicated by the fact that the six»ts lie 
on hyperbolas as they should for perfect fibers.-'^ The interference 
jx)ints resemble those caused by true crystals in that the sines of the 
iialf -angular distances from the primary ray increase proportional to 
the wave-length. Thin, strongly stretched threads of pure rubber 
show crystal interferences of an intensity comparable with that ob- 
tained with pure organic comi)ounds. Control researches with purest 
rubber, free from resins and foreign inclusions, show the structure, 
hence it may be concluded that the hydrocarbon (CoHh) is actively 
concerned. 

Vulcanized rubber must be stretched as much as 250 per cent 
before the fiber structure ap|)ears. In this case the diagram at first 
approaches Debye-Scherrer-Ilull rings with strong localized maxima, 
indicating incompletely perfect orientation of the units. Most syn- 
thetic rubbers act similarly, although some break before they can be 
stretched sufficiently. Clark and L^nyon have found that the \)QY- 
centage elongation required to produce a good diagram deixiiids very 
markedly uix)n the previous history and composition of a samjde, 
some requiring as much as 800 per cent increase. 

The entire phenomenon is reversible if the six?cimen is not too 
strongly stretched; that is, upon releasing tension the amorphous dia- 
gram is again obtained. In some cases evidences of fiber structure 
are still apparent a half hour or more after the release of tension, 
particularly when the specimen does not shorten to its original length. 

The nature of the crystals. The question which naturally occurs 
is whether this metacrystal line material existed before the. stretching. 
It might be possible that the interferences are weak because they are 
distributed over the entire 360° of the circular X-ray diagram, whereas 
they are concentrated into small easily visible arcs u[K>n .stretch- 
ing. However, all the evidence seems to support the contention that the 
crystals do not exist as such, prior to the stretching. When raw rubber 
which is partially crystalline even unstretched, is stretched, new in- 
terference maxima appear on the already apparent circles which per- 
sist even with the greatest tension. The latter disappear upon warm- 
ing but the fiber diagram reappear upon weakly stretching the sample. 
Unstretched rubber is amorphous; stretched rubber has two constitu- 

■•Polanyi, Natunoissenschaften, 9, 880 (1921). 
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ents, metacrystalline and amorphous. Molecules or elementary units 
of an associated molecule in preformed swollen aggregates may arrange 
themselves regularly by virtue of the tension, and thus produce the 
metacry htal line condition. 

The lattice dimensions. Measurements by Katz of the X-ray in- 
terferences of all the stretched rubber samples indicate a unit crystal- 
line cel! of the approximate dimensions 8 X X 6J/2 X 1^)"® cm. 
Hauser and Mark’s values, for an orthorhombic unit cell containing 8 
molecules, are 8.0 X ^-6 X 7.68 X lO^*" cm. This is very small when 
the polymerized rubber molecule as usually visualized is considered. 
The unit cell has been heretofore always associated with at least one 
molecule ; in rubber and cellulose each cell contains only a portion of a 
polymerized molecule. These portions must be all alike and held to- 
gether in the ajjgregate by secondary valence forces. 

Ott has recently found a sixximen of crej^e rubber which yielded 
sharp interferences. The innermost of these, as is always the case 
in j^x)wder diffraction spectra, corresixmds to the largest spacing in the 
unit cell, and for X-rays from an iron target, has an angle of inci- 
dence in nX ~ 2d sin 0 of 8° 42'. The value of d is therefore 6.37 A.U. 
or the volume of the largest possible cell, is 259 A.U.''’ These values 
are almost exactly checked on films taken by Clark and Langen. Taking 
the liragg values for the radii of C' — 0.77 A.U. and H = 0.75 A.U., 
and assuming close packing, the volume of CTls would be 5 X (2rc)® + 
8 X (2rA)U 18.26 -j- 24.88 “ 43.1 A.U.'* The determination of the 
maximum volume is therefore six times as large, or in other words, 
the maximum formula for rubber is (C5 Hh)o. 

The effect of fillers and inorganic mixtures. Rubber mixtures con- 
taining sulfur, zinc oxide (/nO), magnesium oxide (MgO), lead 
oxide (PbO), ferric oxide (Fe^O.H, barium sulphate (BaS04U nier- 
curic sulfide (ligS), graphite and magnesium carbonate (MgCOa) 
show the typical fiber diagram for rubber when stretched. In addition 
all give rise to the Debye-Scherrer-l lull rings characteristic for the 
finely jxjwdered inorganic constituents of the mixture. The grains of 
magnesium carbonate alone, under normal circumstances, show any 
tendency to assume a filx^r arrangement during stretching, for above 
300 per cent extension the magnesium carbonate rings become discon- 
nected arcs. This method of examination should prove very fruitful in 
determining the size, properties, and chemical combinations of the added 
inorganic substance after vulcanization, by comparison with the X-ray 
diagrams of the i)ure substance. 

X-ray structure and physical properties. The facts brought out by 
the X-ray examination explain those physical properties which so 
peculiarly characterize rubber. During stretching for the first 75 per 

^ Natunvisscnschaftcn, 15, 320 (1926). 
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cent in pure rubber a gel substance characterized by small lluidity and 
large elasticity predominates. From this on threads or meta-crystala 
of a strongly cohesive and much Ic^s ductile substance account for the 
much smaller elongation for a given force before breaking. The effect 
discovered by Joule in 1857, that rubber heats upon being stretched 
while other substances cool, is c.xplained by the heat of crystallization. 
Upon the basis of the X-ray structures the material might be exjxjcted 
to cool in the first stages of stretching. Joule found that this was 
indeed true for rubber. The recent remarkable researches of b'reund- 
lich and Hauser with tlie micromanipulator have shown that the 
latex particles have an inner milky iX)rtion which becomes hard uinm 
vulcanization, and an outer i)olynierized skin. These must be respon- 
sible, respectively, for the amorphous and the crystalline parts of the 
X-ray diagrams. The present writer has found that all hard rubbers 
indeed are amorphous in their ordinary state. 

6. Balata and gntla pctrlui. In unpublished studies carried on a 
year and a half ago on the structure of balata,- a coagulated latex similar 
to rubber, and often used with it, C lark and Brugmann found it to l)e 
distinctly crystalline under all conditions, although some amorphous 
material is also ])resent. 1'he commercial, unstretched, uncallcndered 
material produced several concentric rings of uniform inteneity indi- 
cative of chaotically arranged crystals. 1'his structure was retained 
after careful extraction of the material. With a sjxicimen to pho- 
tographic fihn distance of lO centimeters the following measurements 
were made on the easily visible rings. 
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4 
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It will be 
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Tan 2 0 

e 

1 
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1.17 cm. 

0 117 

3.34® 

0.71 
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1.35 
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0.63 

4.61 

1.57 

0.157 
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0.71 

4.58 
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0.71 

3.77 

2.35 
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6.62® 

second 
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2.70 
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7.55® 

tt 
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3.15 

0.315 

8.80® 


“ 3 

: observed 

that the 

largest spacing 

is approximately the 


same as that for rubber. Hence the formula (C6llH)fl must also rep- 
resent the maximum unit cell formula for balata. When balata is 
stretched hot or cold, 50 ix^r cent, the diffraction diagrarn changes from 
circles to symmetrically arranged arcs characteristic of a fiber and of 
rolled or drawn metals, but the spacings remain unchanged. 

Ott has recently taken diffraction photographs of gutta percha. This 
is definitely crystalline like balata and the largest spacing is 8.12 A.U. 
Calculating as for rubber, the maximum number of molecules of C^Hh 


*»KolhidZ.. S6, 16 (1926). 
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in the unit cell is 12; in other words gutta percha is fundamentally 

7. Gelatin, Collagen, and Glue. It may be predicted that all sub- 
stances which shorten when they are warmed in the stretched condition, 
such as gelatin, glue, muscle fibers, etc., should display X-ray phe- 
nomena similar to rubber. Clark and Lanyon have found that pure, 
ashless, isoelectric gelatin unstretched produces a broad “amorphous” 
ring corresponding to a spacing of slightly less than 4 A.U. and an outer 
sharp ring related to a crystalline spacing of 2.79 A.U. 

Katz and Gerngross have verified the prediction for stretched 
gelatin and Herzog and GonelP^ for collagen (gelatin minus water). 
For a pure, ashless, isoelectric gelatin gel the former obtained a diagram 
which agrees exactly with that independently observed by Clark and 
Uanyon. When stretched 50 i)er cent the sharp circle became merely 
two unconnected crescents in the stretching direction, showing the 
preferred orientation of the crystals originally present. At 100 per 
cent elongation larger elliptical intensity maxima appeared on the film 
perpendicular to the stretching direction, one pair joined to the central 
direct beam and corresponding to a spacing of 10 A.U. and the other 
pair on the inner side of the broad “amorphous” ring corresponding to 
5yi A.U, These are connected with the arrangement of diffracting 
parallel layers during s-tretching. Almost identical results were ob- 
tained from fibrous collagen (tendon of Achilles). 

Herzog and Gonell studied apparently unstretched collagen from six 
separate and widely varied sources, including three from connective 
tissues and three from cartilage. The diagrams for all except fish 
scales were cloudy, showing the presence of amorphous material with 
the crystalline. In some cases digestion with trypsin solution removed 
the amorphous material leaving the crystalline. The crystalline com- 
ponent of all the collagens gave exactly the same diagram. The elastin 
from the neck ligament of cattle thus appears identical with collagen. 
The interference bands are not numerous enough to establish the crystal 
system. It is clear, however, tlmt the mass per unit cell must be far 
less than that corresponding to such formulas as Ca 5 H 570 i 3 Nii (Proc- 
tor) or CasHpoOioNio (Wilson). Thus a molecule occupying an 
elementary cell of a collagen crystal cannot contain all 13 of the amino 
acids found in gelatin. Most of the amino acids, therefore, appear to 
be present as the amorphous impurities. A unit cell of maximum 
dimensions corresponding to the strong crystalline diffraction line 
(2.79 A.U.) would contain even less than so simple a molecule as 
CaHaON (roughly the Proctor molecule divided by 11). 

Clark and Lanyon have studied glues and found the ashfree ma- 

^ NaturwissenschafUn, 44, 901 (1925). 

58B. 2888 (1926). 
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terial practically identical with gelatin in that the X-ray diagram shows 
an amorphous band (identity period 4 A.U.) but different in that out- 
lying sharp crystalline lines, characteristic of isoelectric gelatin, never 
appear. Stretched samples (glue and glycerin printing roll mixtures) 
also behaved as stretched gelatin. Space does not permit tabulation of 
the large number of varied ex])eriments on the structure of glue. 
Adhering films of glue showed no ])roperty essentially different from 
those of blocks of the material. It may be safely concluded that adhesion 
is a mechanical solidification of the gel around and upon minute fibers. 
This is borne out by jdiotomicrographs of great magnification. 

Varnishes, zinxes, etc. Shellac has been found to be distinctly 
crystalline, for the diagram is a serie.s of concentric sharp circles for a 
fundamental spacing of 3.67 A.U. Polymerization during heating may 
be followed perfectly, for the crystalline diffraction rings grailually 
disappear, and the intensity of a broad “amorphous” band increases. 
Clark and Aborn, working with dried lin.seed oil films, found usually a 
characteristic broad diffuse band, but under certain conditions of ex- 
treme oxidation numerous broad bands and .sharj) crystalline lines of 
great significance. The crystals seem to be in very thin layers. These 
results will be reported in detail after further careful work. New 
experiments have verified the crystalline nature of greases, paraffin, 
soaps, fatty acids, etc. C'lark and Graves have made the first careful 
measurement of the side sjiacings for the unit cells in commercial 
paraffins. There is a definite increase in these values (4 to 6 A.U.), 
for the cross-section of the cells containing the long carbon chains, with 
increa.se in melting point of the paraffin waxes. 

Most of the resins fnan C(jal tar produce only a single broad band, 
whose position, however, is very .sensitive to polymerization. Those 
which are un.satisfactory in practical .service in varnishes, etc., contain 
distinctly crystalline niaterial which can be detected easily by X-ray 
analysis. Upon the basis of these observations further (juantitative 
studies relating structure to ]>hysical properties arc being made. Natu- 
ral resins invariably contain both amorphous and crystalline matter. 

8. Cellulose. Space does not permit adequate pre.sentation of all 
the information which has been obtained on the X-ray analysis of 
cellulose. The outstanding results in more or less chronological order 
may be briefly enumerated as follows; 

(1) C. von Nageli many years ago found that cellulose ha’s the 
property of doubly refracting light; hence cellulose possesses some 
crystal structure. 

(2) This property has been confirmed by X-ray investigation in 
natural fibers, celluloses precipitated from various dispersions (viscose, 
etc.) and their fibers most recently in the studies of Clark, Lanyon, 
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Freuclenthal and Kulp on -totton, wool, silk, hemp, sisal, ramie and 
all varieties of rayon. 

(3) I'he acetyl derivatives of cellulose can be crystallized from 
their soluticjiis into very definite crystals with faces. 

(4) Debye and Scherrer obtained X-ray interference diagrams 
from cellulose in 1916, confirming indications from (1), (2) and (3). 

(5) Herzog, Jancki and Polanyi showed that celluloses from 
diflferent sources produce interferences for the same crystal system and 
same axial ratios, 

(6j Herzog, in careful evaluation of Debye- Scherrer diagrams, 
found the axial ratios to be 0.0935 : 1 : 0.4467. Therefore, the crystal 
cell belongs to the rhombic system. 

(7) Herzog with the monochromatic pinhole method proved that 
cellulose powder produces diffraction rings; with the beam parallel to the 
length, fibers show diffraction rings; and with the beam perpendicular 
to the length of the fil>ers they show the fiber diagram. The conclusion 
is that cellulose fibers consist of crystallites joined end to end through- 
out the length of the fiber. 

(8) Depending on the i>revious treatment, either mechanical or 
chemical, so does the diagram vary. 

(9) Herzog and Jancke evaluated the dimensions of the elemental 
cellulose body as 7.9 X 8.45 X 10.2 A.U., the calculated number of 
CeHioOs molecules comiwsing the elemental cell is 4. 

(10) Mark and Katz found that mercerized cellulose no longer 
shows a cellulose s])ectrum but new bands are manifested. There is no 
change in relative intensities of maxima, and amorphous rings appear, 
all indicating the formation of a new compound. 

(11) With very pure cellulovse the original diagram disappears at 
the same alkali concentration as breaks in Vieweg and Heuser’s alkali 
adsorption curves, c{)rres|>onding to the formation of (CoHio 05)2 
NaOH and (C„H.oO„)NaOH. 

(12) These new bands occur at the same places whether the alkali 
is NaOH, KOH or l.iOlI. There is a possibility, therefore, of con- 
version of the cellulose to an isomer by the alkali. 

(13) A- similar change occurs with HNOg, but not with HCl or 
HaS 04 . There is an open question as to the possibility of “cellulose 
hydrate'’ formation. 

(1.4) Sodium hydroxide-alcohol-w'ater solution gives the same 
changes as sodium hydroxide-water solution, but the strength of the 
alkali in the former case causing disappe.a ranee of the original diagram 
does not check the alkali adsorption curves for sodium hydroxide- 
alcohol-water solution. 

(15) When regenerated by thorough washing, cellulose gives the 
original cellulose diagram, with the lattice enlarged about 4 per cent, 
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and a new band. There is, therefore, only a partial reversion of the 
swollen ‘material to the original cellulose. 

(16) No measurable differences are noted in the sjKice lattice of 
swollen and unswollen cellulose, hydrated cellulose and artificial silk 
fibers. Swelling is clearly due to imbibition of water between the unit 
cells. 

(17) Freudenthal and Kulp, working With the writer, have estab- 
lished the fact that all cellulose is crystalline except the diacetale rayon 
which is amorphous. The degree of fibering, however, varies widely 
from a minimum in viscose to a maximum in natural fibers, particu- 



b'lG, 11.— X-Hay diagram of ramie fiber. 

larly ramie, whose diagram is shown in Figure 11. Tension tin the 
fiber and the solution disi)ersion in rayon production have large effects 
upon the fibering as disclosed by X-ray diffraction. 

(18) In this investigation also it has been found that the impurities 
are an integral part of the cellulose crystals. Pectins, rosins, etc., in- 
cidentally present, do not effect the diagram ; the integral impurities are 
degraded celluloses. J Vo found changes in intensities of the X-ray 
diagrams following ])urification with 1 jxjr cent sodium hydroxide 
solution are not clearly understood. However, these observations place 
serious doubts on the i>icture of the cellulose crystal units embedded in 
waxes, rosins and pectins. 

( 19) The largest spacing observed in common on all cellulose dia- 
grams was 5.7 A.U. A maximum cell is therefore d* or 185 A.U. Cal- 
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culating the volume for one QHioOo residue from Bragg radii values of 
077 for Carbon, 073 for Hydrogen and 0.65 for Oxygen gives 64 A.U.” 
Hence a maximum unit cell formula is (CoHioOr,)^, in spite of Her- 
zog’s dismissal of the value of 3 as imixjssible. It is interesting to note 
that the spacing corresponding to the strongest intensity maxima on 
all the fiber diagrams is 4.0 A.U. A unit cell built with this dimension 
would hold exactly one residue with the atoms filling all the 

space. Again it must be emphasized that the X-ray data differs by 
its very nature fnmi physical or chemical estimates of molecular or 
polymer size in cellulose, rubber, gelatin, etc. In every case the unit 
crystal cell is far simpler than anticipated. This means either that the 
real moh'cules are simpler but appear in macroexamination colloidal or 



A B 


Fig. 12. — .Structure of elect ro(lej>osits of lead from Huoborate electrol>tes ; A 
witliout one per cent f^elatin ; B with one per cent gelatin. 

secondary valence aggregates, or that there are structural periodicities 
within large loosely bound molecules which diffract X-rays as if there 
were layers of discrete molecules. 

(20) Ott has recently made beautiful pinhole photographs of 
cellulose and substances all related to the dehydrated glucose residue. 
The essential results arc as follows: 
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Diamylo.se 

.... (C.H,oO,)a 

11.35 A.U. 

(CaHioOs)^^ ? 

Tetraniylose 

.... (C^HtoO,)* 
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(CiHjoOs)!! ? 

Octamylose 

.... (GHxoO.). 

15.96 

(C.H,oO,)« ? 

Triamylose \ 
Hexamyloscj 

.... (CeIItoO#)o 

7.27 

(C.H,oO,)o 

Inulin 


7.34 

( CeH loOsIt 

Cellulose 

(CJhoOA. 

6.01 

(C*HioOi)s 

Lichenin 


7.69 

(GiHioOs)! 

Starch 

n r 27 17A 

(CeHuO.), 

ria2(n. 

521 

(C*HioOf)t 
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(7) Effect of colloids on X-ray structure of electro-deposited 
metals. The effect of small amounts (1 per cent) of gelatin, glue and 
related gels on the structure of electrodeposited metals is most elo- 
quently shown in Figures 12A and 12F>, taken from the paper by 
Frolich, Clark and Aborn on Flectrodeposited Lead.®* In both cases 
all conditions were identical, fluoboratc electrolyte, concentrations, cur- 
rent density, temix?rature, etc., except that in one, I |>er cent gelatin 
was added. 12A without gelatin shows large crystals, indicated by the 
discrete large spots; 12B with gelatin shows fine structure rings of 
uniform intensity. 'J'he trace of colloid has resulted in a great diminu- 
tion in grain size and, from the standix)int of uniformity and cohesion, 
a film infinitely sut>erior to the deposit from an electrolyte without 
gelatin. 

Research Laboratory of Applied C hemistry, 

Massachusetts Institute of rechnology, 

Cambridge, Mass. 

Trans. Am Jilcctrochem .Tor (1920) 
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time to lime duriiif^ the last few decades, various constitu- 
tional forinuhe have been [)ro|M)sed for cellulose, most of which have 
been supported by chemical evidence: but the recent re^-earches of 
Irvine‘S and his associates have furnished grounds for the rejection of 
practically all of these, since none of them can Ix' reconciled with the 
observation that cellulose, upon methylation and subsequent hydrolysis, 
yields 2, v3, 6 trimethyl glucose as its M)le i>roduct. d'he formula pro- 
posed by Jrvine and several related formidje suggested by hinr’ and 
by others,"* are consistent with the above observation atid apparently 
account for the chemical reactions of cellulose. 

It has long been recognized, however, that a satisfactory formula for 
cellulose must acx'ount for it'- physical projH'rties as well as fbr its 
(. hemical reactions. , In this connection, we (|uote the words with which 
Irvine and Hirst oi>en their {m\K'r on “'Phe Molecular Structure of 
Cotton Cellulose”:® “It will he generally admitted that a complete 
study of cellulose must inclu(>e, in addition to jnirely chemical inquiries, 
physical investigations on the mechanism whereh\ discrete particles are 
arranged to form org<uuzed structures po'“sessing the ])rc,)tx?rtics of 
fibers.” None of the structural forniuhe so far pro]K)sed has afforded 
an explanation of the fibrous nature of cellulose nor of its physical 
behavior. When it is considered how much of the nature of cellulose 
is bound up in its fibrous structure, its tensile strength and the swelling 
behavior that it exhibits, it is seen how inadeciuate are formul'e which 
explain only its chemical reactions and lea\e its physical properties un- 
touched. 

Based upon X-ray data recently published, the present authors have 
arrived at a conception of the structure of cellulose which seems to be 


‘ This paper is a joint contribution from the Department of Botany. Universitv of Tali 
Angeles, Calif., and the Division of Plant Nutrition UniverSty 
of California Agricultural Experiment Station, Berkeley, Calif 

* Irvine and Hirst, /. Chem. Sac., 121, 168.S-91 (1922); 123, 518 32 (1923'i- 12 K 

(1922^* Chein. Rf^neu's, 1, 47-71 (1924); J. Soc. Chem. Ind , 41,' 862R-363R 

• Iniine, 7. Soc. Chtm. Ind., 41, S63R (1922). 

‘Hibbert. 7. Ind. Eng. Chrm.. IS, 256-60, 334-842 (1921); Hcm, Liebiu’s Ann 434 
1-144 (1923); Seborgrr, 7. Jnd. Eng. C/iem., 16. 1274-5 

Heuaer, West and Esselin, “Textbook of Cellulose Chemistry.” 195 (1924) ’ 

•Irvine and Hirat, 7. Chtm. Soc., 123, 618-82 (1928). 
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in accord with it^ known chemical reactions and physical properties.* 
From those investigations^ carried out on ramie fibers which are com- 
jx)sed of practically pure cellulose, a space lattice with the following 
characteristics was determined: 

1. The constituent building units are arranged in continuous parallel 
chains which run lengthwise of the fiber. 

2. These chains are sjxiced rectangularly 6.10 by 5.40 A. u. apart. 

3. The comiwnent parts in each chain are repeated every 10.25 A. u. 

4. The elementary cell, therefore, may be thouglit of as having the 
dimensions 6.10 by 5.40 by 10.25 A. u. 

5. In this elementary cell, that is, within the spacing of 10.25 A. u. 
on each chain, there occur two (^, units. 

6. Within this elementary, cell, the atoms are .'■o arranged that a 
number of planes occur whose spacings bear simple numerical relations 
to the 10.25 dimension: that is, there arc sets of planes who.se inter- 
]>lanar spacings are 5.15, 3.40, 2.58, etc. 

Figure 1 shows in i)erspectiYe a ‘•pace lattice having these s]>ecifica- 
tions. The vertical lines re|)resent the center lines of parallel continuous 
chains of units and the spacing of these chains with resix'ct to each other 
is indicated by the dotted lines. In a single elementary cell of the lattice, 
indicated by the dimension figures, only two sets of planes, 5.15 and 
3.40, are shown. 

From this X-ray data alone, it is possible to gain little more than a 
conception of the si)atial relation between the groui)s and to obtain a 
clue, at least in one direction, as to the internal arrangement of the 
atoms within the group. This becomes evident when it is recalled that 
the Cfj unit, which acts as the unit of structure of the lattice, consists of 
21 atoms. This large group of atoms, acting as the unit of structure in 
the fiber, is in a sense comixirable to the single atom .structural unit of 
the simpler crystal forms, such as sodium chloride. It was accordingly 
possible to a.scertain the spatial positions of the unit groups with con- 
siderable certainty, but in contrast to the simpler structure of sodium 
chloride, it was not iK)ssible to determine accurately the relative positions 
of the atoms within the Q grouj>. In order, then, to obtain a more 
intimate knowledge of the relative positions of the atoms, it was neces- 


• In a recent publication (/ Phys. Chrtn., 30, 45.'> 07 (1920)), R. O. Hcrr-oij hai» reviaed, 
uoTOcwhat, an earlier interpretation of his* cellulose lattice and has attempted to reconcile 
" certain physical properties and chemical forms with the revised structure. His data seem 
to be in fair agreement with ours but his interpretation, we feel, is inconsisitent with the 
data he presents. While we do not feel that we should enter into a di^scuwion of his 
interpretation in the present article we do feel obliged to point out certain discrepancies 
in defense of our own interpretation of the X-ray patterns. He has mentione<l that several 
of his interference points do not fall within^ the limits of ewerimental trror and has 
assumed these discrepancies due to impurities in the cellulose. These points, however, arc 
claitsed as strong and medium in intensity. That would indicate a large percentage of 
impurity which does not seem consistent with the composition of such fibers^ as cotton, 
ramie, etc. If large amounts of imiiurities are not present, then all of the interference 
points should be explained by the Uttice. v 

» Sponsler, /. Gen, Physiol., », 221-238 (1925); J. Gen, Physiol., 9, 677-696 (1926). 
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sary in the present investigations to use other types of evidence along 
with the X-ray data. 

In an earlier pajx^r,^ the agreement between the volume of the ele- 
uentary cell as ?,uven here and the volume of the CoHjqOs group of 



Fig. 1 . — Perspective view of cellulose space lattice. Vertical lines indicate posi- 
tions of center lines of chains of units. A single elementary cell is repre- 
sented in upper right hand corner, with several transverse planes. 


cellulose wa.s |x>inted out. Since it is now definitely establidied that 
cellulose is made up .solely of glucose units,® the a.scertained space lattice 
for ramie cellulose must be produced by some arrangement of glucose 
units or of their conden.sation products. The problem of discovering 

•Spon»ler, J. Gen. Physiol., 9, 221-283 (1925). 

•Irvine and Hirst. /. Chem. Soc., 121, 1585-91 (1022). 
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the cdlulose structure was, accordingly, resolved into two parts, namely, 
(1) ascertaining which of the several iK)ssible glucose structures is in- 
volved, and (2) determining the arrangement of the glucose units in 
the cellulose structure. 

Selection of the Glucose Unit. 

Of the various glucose formuhe that come into consideration as 
possible structural units of cellulose, we may immediately reject the 
o\^n chain aldehydic structure, since cellulose fibers normally show 
negligible aldehydic reactions, and consequently cannot be made up of 
units which contain active aldehyde groui)s. 'I'he ix)ssihilily would 
remain that the structural units arc straight chain, non-ring units in' 
which the ixjtentially aldehydic carljon atom is linked by an oxygen 
bridge to a carbon atom in another similar glucose unit, as in the con- 
stitutional formula proi)osed by Schorgerd" 

I 

CIl— ()— CIl 

I I 

Cl lOI I CIl 

I I 

C'HOIf CHOn 

I I 

- CH (lion 

I I 

Cll— O— cu — 

I 

CH,OH 

This conception must also be rejected, however, since the C-O-C link- 
age would require a rectangular s])acing of 2.75 Angstrom units be- 
tween chains, calculated from the sum of the atomic radii involved, 
whereas the X-ray data indicate definitely that the spacing between 
chains is 6.10 Angstrom units in one direction and 5.40 in the other. 
I'urther grounds for the rejection of both straight chain formultC are 
found in the fact that a chain of h’x carbon atoms when fully extended 
cannot l3e accommodated in the available spacing allowed by the X-ray 
data. 

Turning, then, to ring formukt which invijlve the first carljon atom, 
only two of the five conceivable formulae require consideration, namely, 
the 1-4, or butylene oxide ring, and the 1-5, or amylene oxide ring 
structure. The three remaining ring formulae are highly improbable 

w/. Jnd. Eng. Chem., 16, 1274 6 (1924). 
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on stereochemical grounds ; furthermore, carbohydrates containing such 
rings have not been found in nature. The possibility of their occurrence 
in cellulose appears to be definitely excluded by the methylation studies 
of Irvine and his associates, “ which show that the second, third and 
sixth ix)sitinns are occupied by replaceable hydroxyls, consequently ring 





I'lCi. 2.* — Photograph of 3-climcnsion model representing hutylene oxide glucose 
unit. The numbered black halls represent carbon atoms, those with white 
circular spots, oxvgen atoms, and white balls the hydrogen atoms. The balls 
are joined by wires representing primary valence bonds; the screw heads 
visible on the oxygen atoms represent the probable hxation of secondary 
valence forces. 

formation must occur through the remaining, or first, fourth and fifth 
positions. Other rings than the 1-4 and 1-5 are, therefore, excluded as 
possible units in the cellulose structure. 

Irvine and Hirst found that the glucose unit in cellulose was a 
stable, rather than a labile form, and in accordance with conceptions 
then current, they regarded the unit as having the butylene oxide ring 

Irvine and Hirst. 7. Cht-m. Soc., 12S, 518-32 (1923). 

121, 1586-91 (1922). 
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structure. Evidence has since been brouglit forward by Haworth and 
by Hirst to indicate that the normal stable form of glucose, and pre- 
sumably the form which exists in cellulose, contains not a butylene 
oxide, but an amylene oxide ring. It will be noted that Irvine’s data 
are equally explainable on the basis of either structure. If the unit 
contains a 1-5 ring instead of a 1-4 ring as was formerly sup^xjsed, 



Fig. 3. — Photograph of 3-dimension model representing amylene oxide glucose 
unit. See explanations under Figure 2. 


then the linkage between units would be through the fourth carbon 
atom instead of through the fifth, but in cither case the 2, 3, and 6 posi- 
tions would remain open for methylation. 

In order to obtain a clear conception of the spatial relationships of 
the constituent atoms of the two glucose structures, and to compare 
the relative ix)sitions of the atoms with the sj^ace lattice previously 
developed for ramie cellulose, it was found desirable to prei^are 3-dimen- 
^ion models representing each of these structures. They were carefully 

»» Charlton, Haworth and Peat, /. Chem. Soc., 129, 89-101 (1926). 

Chem. Soc.. 129, 850-357 (1926). 
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constructed to ii scale based on the atomic radii given by Bragg/^ care 
l}cing taken to manitain the tetrahedral angles. Although not repre- 
senting the niucicni coiK'eption of the nature of the atom, the balls of 
which the models are constructed serve to indicate rather definitely the 
relative {Kjsition of the atomic centers in si>ace. Photographs of these 
models are shown in Figures 2 and 3 which represent, respectively, the 
butylene oxide and the atnylene oxide* structures. 

The available chemical data suggest that the continuous chains of 
atoms indicated by the X-ray data are, in reality, chains of glucose 
units joined through oxygen bridges to form continuous glucosidal 
linkages. Since the methylation data indicate through which carbon 
atoms the linkages occur, it becomes possible to orient the models which 
rej)rescnt these units in the lattice derived for ramie fibers, and to 
compare the dimensions, and the symmetry, of each unit with the re- 
quirements devekjped from the X-ray data. 

In Figures 4 and 5 arc shown skeleton drawings of the respective 
units with the hydrogen atoms omitted. The left hand drawings rep- 
resent the units as they apixiar in the photographs, while those on the 
right represent the view at right angles to the photographed iX)sitions. 
'riie dimension L is assumed to lie in the direction of the fiber length. 
In the case of the butylene oxide unit, T is the distance between the 
hydroxyl oxygens on the first and fifth carbon atoms. In the amylene 
oxide unit, L is the distance between the hydroxyl oxygens on the first 
iind fourth carbon atoms. 

Measurements were made of the distance L on both models and the 
corresponding spacings in Angstrom units were calculated.' The fol- 
lowing figures were obtained : 

For the butylene oxide unit, 27.0 cm. = 5.40 A. u. 

“ “ amylene “ “ 25.5 cm. = 5.10 A. u. 

Required by X-ray data 5.15 A. u. 

Since the chains of units arc continuous, there are no spaces between 
units in the longitudinal direction, and there should l)e a close agree- 
ment between the length of the structural unit and the spacing shown 

by the X-ray data. The length of the amylene oxide unit shows a 
better agreement with the X-ray data than the butylene oxide unit. Too 
much significance should not be attached to the mere lack of close 
agreement in the butylene oxide structure, since it is possible that the 
actual position of the oxygen atom on the fifth carbon atom may vary 
from the position assumed for measurement, through rotation or 
through alteration of one of the tetrahedral angles. However, other 
positions which might show better agreement with the required length, 

Mag., 40 , 169-189 ( 1920 ); Sconce, 61 , 664 ( 1925 ). 
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would show less favnrahic aRreenient willi the itifensity of certain hues 
of the X-ray diffraction pattern. 



Turning now to a consideration of the dimensions at ri^lit aiifile 
to the length, L. attention must be shifted to the s|)acmg between 1 1 
cliains of units. 'I'he X-ray data indicate that there are olK'ti spaces 



I 


Fig. 5. 


between these chains, con-scquently the dimeiiMons of breadth and thick- 
ness would not be expected to show any close relationship to the rect- 
angular spacings, 6.10 and 5.40. Measurements on the models show 
that either of the units could be accommodated within the sjiacmg, so 
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aj^ajn the dimensions fail to indicate definitely which of the two units 
occurs in the cellulose structure. 

On the other hand, considerations of the symmetrical arrangement 
of the atoms of the two models show that the amylene oxide unit is 
more in a^ncenient with the X-ray data than the butylene oxide unit. 
Jn Figure 5, it will he seen that there is a remarkable balance between 
the atoms distributed on either side of the vertical axis and that this 
symmetrical distribution holds for both front and side views. The 
butylene oxide model, b'igure 4, shows a less symmetrical balance in 
both directions. Of these two forms, the more symmetrical amylene 
oxide form would be expected to produce a very dense dilYraction line 
especially from the diagonal planes shown in b'igure 8, and from the 
vertical layers of atoms of Figure 9. As will be explained later, these 
figures represent the arrangement of the units in our completed cellu- 
lose structure, b'or a form like the butylene oxide structure, the un- 
symnictrical arrangement would tend to place atoms between the layers 
of Figures 8 and 9. resulting in a much weaker diffraction line for the 
3.98 A. u. spacing. Unfortunately there arc no means of making direct 
comparisons of the intensities referred to, but since the line produced 
by the 3.98 A. u. spacing is extremely ^trong, tb.e evidence favors the 
amylene oxide structure. 

Of much greater significance, however, )>ointing towards the amylene 
ring as the prdbable form, is the arrangement of the atoms on the lines 
j)erj>endicular to the vertical axis in b'igure 5. The regularity of 
spacing of tliese horizontal lines agrees well with the ty|)e of diffraction 
pattern produced. [ IMate 3. S])ectrograph, J. (ien. Fhysiol. 9, 233 
( 1925). I ( )n the otlier hand, it does not .seem probable that a structure 
such as the butylene oxide form in b'igure 4 could ])ro(luce the set of 
lines which occur on the photograjih referred to above. The details 
of agreement are brought out further on where the transverse planes 
of the fibers are considered in their relation to the diagrams of the double 
C« unit. (Figures 13. 14 and 15.) 

The considerations discussed in the i>receding paragraphs seem to 
justify the conclusion that the amylene oxide ring i.>> the prtibable form 
in the cellulose unit. 

The amylene oxide unit may have one of two possible forms, de- 
pending upon whether the six membered ring has a cis or a frans struc- 
ture. A tra)K^ structure is shown in Figure 5 and a side view of the 
corresponding cis structure in b'igure 6. The cis form need scarcely be 
considered for it would throw so many atoms in the space between layers 
in Figures 8 and 9 that only a faint 3,98 line could be expected, while 
actually that line is one of the densest produced by the fibers. 

The glucose unit may have either an a or p structure. The photo- 
graph (Figure 3) shows a P structure, that is, one in which the 
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** ‘ ' * . . 
hydroxyls upon the first and second carbon atoms are on opjxisite sides 
of the ring. Insi)ection of the 3-dinicnsi(m model shows that in order 
to meet the requirement of symmetry and of a continuous straight chain 
of units, a P structure is necessary. .\n a structure would produce a 
cis effect at the first carbon and thus fail to ht in the necessary straight 



Fir,. 6. 

chain of unit'-'. It is, therefore, assumed that the glucose units of which 
cellulose is composed are united by p-, rather than by u-linkages. 

Jleforc closing the discussion of the selection of a glucose unit, one 
other possibility demands consideration. Several anhydro-glucose units 
having two o.xidic rings have been proiH3se(I as structural units for 
cellulose, for example the unit: 



CH OH 1 


O I O 

C'lIOll 

I 

— CH 

I 

CH 

I 

CH2OH 

Units of this type already have an emi^erical formula C„H,oOa, which 
indicates that no further dehydration occurs in condensation to cellulose. 
Such units could not be linked by primary valences, since in that event 
condensations would be accompanied l>y the splitting off of water and ^ 
the formula for the resulting cellulose would contain less hydrogen 
and oxygen than corresjx^nds to the accepted composition. The units 
would, therefore, necessarily be joined by secondary valences only. 
This situation does not agree with certain physical properties which will 
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be considered further on. Althouj^h not definitely excluded as a buikl- 
inj^ unit, this noii'Continuou.s structure does not seem a probable one, in 
the light of the available X-ray evidence. 'I'liese considerations and, 
especially the failure of the non-continuoiis structure to account for 
the physical j)roi)erlies of cellulose fibers, justify, we believe, the elim- 
ination of the double ring structures from this discussion. 

Arrangement of the Glucose Units in the Cellulose Structure. 

AsMuning, then, that cellulose is made up of glucose units possessing 
amylene oxide rings, our next effort is to determine the arrangement 
of the building units in the cellulose structure. This resolves itself 
into two phases, namely : ( 1 ) determining the arrangement of the unit 
in the individual chains, and (2) determining the arrangement of the 
chains in the cellulose lattice. 

Since we have regarded the chains as made up of !■ ingle ring glucose 
units in which the condensation has occurred from Cr.HjjO,) to 
C'cIlioOr,, it follows that the union throughout the chain is a continuous 
series of glucoside-like ])rimary valence linkages. ( )ur next task is, 
then, to determine the linkage l>etween the glucose units. There are 
three iK)ssil)lc types : (a) one in which C is attached to and Ci to C'j 

of adjacent units, (b) another in wliich C, is linked to C\ of the next ad- 
joining unit, and (c) a third in which these two types are combined. In a 
former paper it was shown that the X-ray data demanded the first 
type; that is, a reversed <irientation of each alternate unit in the direc- 
tion of the fiber axis, which brings about the 1 to 1 and 4 to 4 linkage. 
The arrangement of the glucose units is in agreement with the relative 
intensities of the lines associated with and the spacing of the planes of 
atoms periiendicular to the long axis of the fiber. It was also shown 
that the symmetrical tyix? (b) and the combination type (c) would 
produce different diffraction patterns from those obtained. In other 
words, the (1-4) (4-1) (1-4) (4-1) linkage satisfied the X-ray data 
while the other types did not. 

This conclusion is at variance with the commonly accepted belief 
that cellulose contains cellobiose units. The constitution of cellobiose 
as derived by Haworth and Hirst by means of methylation studies, 
was that of a glucose-gluco.side, the constituent he.xose units being united 
by an oxygen bridge joining the fifth carbon atom of one unit to the 
first carbon atom of the other : 

SpoTisler, /. Gen. physiol , 9, 077 695 (1926). 

‘W. Chetn. Soc., 119, '193-201 (1921). 
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,--CHOH y C'lIOH 
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Haworth asj'Umed that the units possessed Initylcne oxide rin^; struc- 
tures, but in view of his more recent work which indicates that the 
amylene oxide rinj( is probably the normal structure for j^ducose, the 
formula for ccllohiose should probably be revised to show a 4-1 linkage 
between units and should be rc]>resented thus ; 


— CIlOH 

I 

CHOU 

I 

() CHOU 
1 

CII 

I 

I 

CHoOH 


CIJOH 

/I 

I CHOU 

O I I 

O CHOH 

I 

CHOH 

I 

~CH 

I 

CICOH 


Since cellulose upon acetolysis yields cellobiose, it has been assumed 
that cellulose contains units having the cellobiose linkage. If this as- 
sumption were correct, the chains of glucose units extending in the di- 
rection of the fiber length would neces.-arily be joined by 1-4 linkages 
and the X-ray diffraction jiattern would be based on C« units all 
oriented alike, whereas the pattern is that of C,u units in which the 
alternate glucose nuclei are reveri-ed. 

Although the belief is widespread that cellobiose is a constituent 
of cellulose, the present authors have been unable to find any convincing 
evidence in the literature for such a conclusion. In discussing constitu- 
tional formula 2 for polysaccharides, Irvine made the following state- 
ment : 

“In .submitting these formulae, it is perhaps necessary to sound a 
note of caution, as the double assumption is made that maltose is an 

'•Charlton, Hawarth and Peat, J. Chem. Soc,, 129, 89-101 (1926). 

** Irvine, Chem. Reviews, 1, 62 (1924), 
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integral [)art of starch, and similarly that the cellobiose unit is present 
in cellulose. There seems to be no reason to doubt these conclusions 
and they are generally accepted, hut they have not been proved.’' 

Ileuj-er^'* has given a summary of the evidence in supix)rt of the 
claim that “cellobiose preexists in the cellulose molecule” in which it is 
argued :(lj That since it has been shown that pure cellobio.se breaks 
down under the condition of acetolysis, the yields of cellobiose obtained 
in practice must necessarily have been smaller than corresponds to the 
cellobiose-yielding groups actually in the original cellulose. If allow- 
ance is made for the losses by secondary reactions, it is estimated that 
cellulose is capalde of yielding 60% or more of cellobiose. It is, there- 
fore, assumed that cellobiose preexists in cellulose to at least that j^er- 
centage. (2) 'Fhat the heats of combustion of starch and cellulose, 
and the nature of their alkali com|K)unds indicate that both are based 
U|K)n disaccharide units, which are asMimed to be, resj^ectively, maltose 
and cellobiose. (3) 'Ihat the \-ray of Herzog'^' and his collalx)rators 
arc consistent with the cellobiose structure. 

Although these observations are not inconsistent with the hyiK)th- 
esis that cellobiose i)reexists in cellulose, none of them produces evi- 
dence which demands the pre.^ence of cellobiose units in the original 
material. Regarding the first argument, it should be noted that the 
acetolysis reactions are c(»niplicated and occur in several stages; and 
that other explanations for the formation of cellobiose arc as acceptable 
as that based upon direct hydrolysis, i less and Weltzein -- have ad- 
vanced the hyiK)theMs that cellobiose is a product formed by the con- 
densation of anhydroglucose units, rather than by a direct hydrolysis 
of cellulose. l ater, Hess, Weltzein and Singer suggested that 
celloisobiose is an intermediate product in cellobiose formation. Since 
it must be admittecl that cellobiose may originate otherwise than by 
direct hydrolysis of cellulose, evidence bearing uixm the yield of prod- 
uct may be dismissed as irrelevant. Regarding the second argument, 
it need only l)e said that other disaccharide units than cellobiose would, 
of course, satisfy the experimental data concerning the heat of com- 
bustion and the formation of alkali comjMnmds. As to the third point, 
the X-ray data of Herzog, which have been taken to indicate the pres- 
ence of cellobiose units, likewise suggests only the presence of units of 
Ci 2 dimensions, without showing that these units are cellobiose. 
Sponslcr s X-ray data also point to a .structure based on a double C« 
unit and in addition indicate definitely that the disaccharide units do 
not possess the cellobiose linkage. 

We have now shown that the X-ray data is satisfied by a structure 


••Heuser, West and EsaeUn, “Textbook of Collulose Chemistry,” 192*3 (1924). 

Physik., 3, 19G (1930); C e Hu loser htmie, 8, 101 (1921). 

^Annalen, 436, 1-144 (1923). 

^Annalen, 443, 71-112 (1926). 
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made up of parallel chains of glucose units which possess an ainylene 
oxide structure, and which are united by 1-1 and 4-4 linkages. These 
parallel chains, extending lengthwise of the fiber, are sei>arated from 
one another by a distance of 6.10 A. u.. from center line to center line, 
in one direction, and 5.40 A. u., in the direction at right angles to the 
6.10 dimension. Even with these limitations, the chains of 'atoms 
would still be free to rotate about their long axes. In the interpretation 
of the X-ray ditfraction patterns, no evidence was advajiced from 
which their orientation might be determined. It now seems l)o^sible 
to make that determination w’ith a considerable degree of definiteness, 
brom measurements on the model, the maximum breadth of the arnylene 
oxide unit (see Figure 5) is about 7.00 A. u. ('Ibviou.sly, there is not 
room for it either on the 6.10 or 5.40 dimension, but it can readily Ik* 
accommodated on the diagonal of these two dimensions, which has a 
length of 8.10 Angstrom units (.See Figure 7A). Intermediate 
tions are, of course, ]K)ssible l)etween the sides of the rectangle and 
the diagonal, but reasons will be given for believing that the greatest 
breadth of the hexo.se unit lies uixm the diagonal. 

In accordance with modern concejHions of the nature of valence,^* 
the oxygen atom is regarded as |K)ssej-sing two primary and twv) sec- 
ondary valences tetrahedrally arranged, in the photograph of the 
arnylene oxide unit (Figure 3). the ])ositions of the secondary valences 
are shown by small screws. It will be noted that for certain rotation 
tXDsitions of the hydroxyl groups, the forces due to these secondary 
valences would be exerted along the broadest dimension of the unit. 
If we assume tliat these valence forces are attractions, it would follow 
that the units would tend to become arranged so that the oxygen atoms 
which exert these forces a])proach each other as closely as ])ossible. 
Careful studies with the 3-dimcnsion model .show that this condition i^s 
realized when all of the units lie with their greatest breadth along the 
diagonal. 

The question arose as to whether the units lie along one diagf)nal 
only as in A, b’igure 7, or on both diagonals as in P>. The second 
alternative is eliminated by X-ray evidence since that arrangement 
would produce a different diffraction i)attern than is obtained. The 
l>attern would contain not only a line corresjxjiuling to the 3.98 sjxicing 
of the diagonals, but also one for double that .s])acing, and that has not 
been found. We have adojged, therefore, the arrangement as shown 
in Figure 7, A, 

In the alternate diagonal planes the |)ositions of the units are 
reversed; that is, the chains are rotated through 180° about an axis 
parallel to the fiber length. That arrangement was demanded by the 
presence of certain lines on the diffraction patterns taken when the 

•* S«e G. N. Lewis, “Valence and the Structure of Atoms and Molecules” (1988). 
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X-ray l>eam made other angles than 0° or 90° with the fiber axis; 
these lines demanded a different arrangement of the atoms in adjacent 
groups. If the chain of groups had the same orientation, such lines 
as the 4.35, 3.25 and 3.10 of the (111) series would not occur. This 
point is brought out in more detail in the earlier pai:>er.*^ 

As a result of this line of reasoning, a structure has been developed 
for ramie cellulose which is apparently consistent with all of the X-ray 
data and with the established facts of cellulose chemistry. This struc- 
ture is shown in the accompanying photographs of the model (Figures 
8, 9, 10, 11 and 12). The model contains four chains, each containing 
two glucose units, making eight glucose units in all. In Figure 8, the 
model is viewed along the fiber axis and shows the distribution of the 




four chains upon the 6,10 x 5 40 spacing. The units arc shown as 
lying uixin the diagonal and the jilanes formed by them correspond to 
those with the 3.98 A. u. spacing. Actually, the open si>aces between 
the units are smaller than appear in the photograph, since almost all 
of the hydrogen atoms occur in these spaces. The hydrogen atoms 
were not represented on the model because they do not api>reciably 
enter into the production of the X-ray diffraction patterns. Figure 9 
shows the same groups viewed along the diagonal planes. The oj)en 
spaces are again apparent and the reversed arrangement of the units 
on the alternate diagonals may be seen here. Figure 10 shows the 
model viewed along the 5,40 dimension perpendicular to the fiber 
length; Figure 11 is also viewed perpendicular to the fil>er axis, but 
along the other diagonal of the 6.10 x 5.40 rectangle. 

” Sponsler, J. Gen. Physiol, 9, 677-C95 (1926). 
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The eight glucose residues shown in the model constitute the simplest 
structure in which all orientations of the Co groups occur. In the 
strictest sense, they would constitute only onc-hnirth of the whole 
crystallographic unit, the axial ratios of which would he a ; h : c — 10.80 
: 12.20 : 10.25. Figure 8 is a view along the c axis, h'igures 10 and 
12 are views along the a and h axes, respectively, hut ret^resent only 



8. — Photograph of 3-fljnunsion model representing the structure of ramie 
cellulose, viewed along the fiber axis, lotur of the double C« units are .shown. 
P)Iack balls represent carbon atoms, white balls, <)x>gen atoms. Hydrogen 
atoms are omitted but their po'-itmns are indicated by the short pointed wires. 
The screw eyes represent the prubable location of the secfuidary valence 
forces. 


half the length of those axes. In iMgures 9 and 11, the structure is 
seen along the (TlO) and (110) planes, rcs|)cctively. 

While it was found possiltle to further test the agreement between 
the model and the X-ray data, it does not seem probable that a complete 
accounting can be made of all the diffraction lines, t herefore, we have 
had to content our.^elves with a study in which only a few of the more 
prominent lines were considered, which seem to have been produced by 
the simpler planes of this complex structure; and have accepted the 
agreement as l^eing good if the model showed a relatively large nura- 




Fic. 9. — riiotograph of 3-(linK’nsi()n model repreMiiting the structure of ramie 
cellulose, viewed along one of tlie diagonal planes perpendicular to the fiber 
axis. See explanations under h'igure 8. 



Fig. 10. — Photo^aph of 3-dimension model representing the structure of ramie 
cellulose, viewed along the 5.40 dimension perpendicular to the fiber axis. 
See explanations under Figure 8. 

igo 




Img. 11 — I’liotoMraph «jf .^dimension model representing the structure of lamie 
cellulose, viewed aloii)* one of the diagonal planes perpendicular to the fiber 
axis. See explanations under Figure 8. 



Fig. 12. — Photograph of 3-dimension mode! representing the structure of ramie 
cellulose, viewed along the 6.10 dimension perpendicular to the fiber axis. 
See explanations under Figure 8. 
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ber of atoms occurring in layers at angles which agreed with the ob- 
served lines and the observed angles. The interplanar spacings of the 
transverse planes, those which form a 90° angle with the fiber axis, 
are pictured in bigurcs 13, 14 and 15, where only the carbon and 
oxygen atoms are indicated. By using a graphic method for deter- 



13. — Diagram showing part of a chain of glucose units with hydrogen atoms 
omitted and indicating the relation of the 5.13 and 10.25 transverse planes. 

mining the resultant amplitudes of the reflections, the intensities of the 
corresponding diffraction lines were obtained. The agreement between 
the calculated and actual intensities was fairly good, in this sense at 
least, that the 2.58 line was denser than the 1,70, and that both were 
much denser than the 3.40 and the 5.15 lines. On account of the re- 
versed orientatioil of the Co units and of the chains on their long axis. 




“Vi 

Fig. 14.— Similar to Figure 13, indicating relation of the 2.57 and 10.25 tran.svcr.se 

planes. 


# 






# 


Fig. 15.— Similar to Figures 13 and 14, indicating relation of the 3.40 and 10.25 
transverse planes. 
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it seems almost impossible to check the diagonal planes against the 
intensities of the diffraction lines produced by them. 

From Figure 8 and its simpler diagrammatic representation in Figure 
7 A, one can set* that the 3.98 diagonals would produce a much more 
intense line than either the 5.40 or the 6.10 planes; and that they in 
turn wouhl produce lines of much more nearly equal intensity, agree- 
ing qualitatively with the diffraction pattern for these planes. No 
models have been constructed yet which would make a quantitative 
:onqxirison seem feasible. 

Relation of the Structure to the Physical Properties of 
Ramie Cellulose. 

As was pointed out in S]M)nsler’s iirst paper, ramie fibers are 
cylindrical tubes whose walls are made up of concentric shells of 
cellulosic material. It is consistent with the X-ray data to asmme that 



Fig. 16. — Diagram of cross-section of ramie fiber showing location of elementary 
cell in fiber wall. 

the 6.10 X 5.40 rectangular spacings are distributed throughout the 
cell walls in the positions that would result if the crystallographic units 
were rotated about the central axis of the cylinder as a line of sym- 
metry. Some dimension of the 6.10 x 5.40 rectangle would have a 

»• Sponsler, J. Gen. Physiol., 9, 221-233 (1925). 
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constant tanj^ential position in the cylindrical shell. Ihiccrtainly was 
then expressed as to which dimension had the tanj^;enlial i)ositi(^n. It 
now appears most consistent with the facts to assume that it is the 
3.98 diagonal which occupies that iK)sition, the units on that dimension 
being held together in a more or less complete cylindrical shell by the 
secondary valences. It is aUo consistent with our knowledge plant 
physiology to regard these concentric layers as successively deposited 
from within by the protoplasm of the cell. The relationships men- 
tioned here are shown in Figure 16. 

Having develoj^ed this conception of the structure of the ramie 
fiber, it becomes possible to account for the stability of this and similar 
cellulosic fil:)ers, as well as for some of their characteristic physical 
proi)erties. The stabilizing forces in the fihnnis structure are assumed 
to be the valence forces. The |)rimary valence linkages in the longi 
tudinal direction establish the chemical and mcvhanical stability of the 
long chains. The iKxsitions of these chains with respect to each other 
are stabilized by the attractions of secondary valence on the ixjtenlially 
quadrivalent oxygen atoms. These forces tend to draw the chains 
together; complete contact is opposed by the external hydrogen atoms 
which resist invasion of their atomic domains. Equilibrium between 
these opi)osing forces fixes the relative jxisitions of the chains iti>on 
the corners of the 6.10 x 5.40 rectangle. The relationships are shown 
in Figures 17 and 18 which represent, resixctively, tangential and 
radial sections of the fiber wall. 

This structure explains the great tensile strength of the fil)ers in the 
longitudinal direction, since in order to break them, it is necessary to 
rupture the primary valence bonds t indicated by solid lines in the 
figures) that hold the hexose units together. On the other hand, it is 
well known that the fibers ixxsscss comparatively little strength in direc- 
tions at right angles to the fiber length. This also is explained by the 
proposed structure, since a separation of the chains in a radial or a 
tangential direction would be a matter of overcoming the weaker forces 
of the secondary valence attractions, the general direction of which is 
indicated by the broken lines. 

Hendershot has presented data to show that the coefficient of 
thermal expansion of wood is approximately ten times greater in the 
direction at right angles to the grain than in the direction txirallel to 
the grain. Thermal expansion is associated with molecular agitation 
and should be greatest when the freedom of movement is greatest. In 
our proposed structure, a smaller coefficient of expansion w(mld be 
expected in the direction of the fil)er axis than in the direction at 
right angles to it. The exixjcted behavior is, therefore, in agreement 
with Hendershot's findings. 


Science, 60 , 456 ( 1924 ). 
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The bwelling of fibers by the absorption of water may also be 
accounted for by this structure. It is well known that cellulosic fibers 
in i^eneral show little or no swelling in the longitudinal direction, but 
swell considerably in the lateral direction. Since the linkages in the 



Fig. 17. — I'angcntial section throuRh a ramie fiticr showing three chains of glucose 
units. Dark lines indicate primary valence bonds : broken lines indicate 
probalilc general direction of secondary valence forces. 


direction of the fiber length are by primary valences, there is no oppor- 
tunity for water molecules to enter between the units, and no longi- 
tudinal swelling can occur. On the other hand, water molecules can 
l)e adsorbed on the oxygens by the action of secondary valence forces. 
The spacing between the chains of units, then, necessarily becomes 




THE STRUCTURE OF RAMIE CELLULOSE t97 




19S 


COLLOID SYMPOSIUM MONOGRAPH 


(litTracti(jn points when certain fibers were swollen. Unpublished data 
hy Sponsler on hemp fibers show that the planes spaced 2.58 A. u. re- 
tained that spacing in lK)th wet and dry fibers, while the spacing of 3.98 
A. u. hecain(‘ greater by about 2 |Xir cent in the wet fibers, ihis w'ould 
correspond to a change in the radial dimension of the fibers on swelling, 
while the longitudinal dimen.Mons remained unaltered. 

Relation of the Structure to the Chemical Properties of 
Ramie Cellulose. 

The lorniation of the various cellulo.se esters occurs by replacement 
of the three hydroxyl groups that are ot>en for substitution, d'hese 
are shown in the photographs of the model and in the drawings, espe- 
cially in iMgure 17 where they are represented by numbered circles, 
in some cases of ester formation, the fibrous structure is maintained and 
it is clear from the illustrations that replacement of the hydroxyls might 
readily occur without disturhing the general fibrous structure since a 
separatioti (jf the longitudinal chains to accommodate the replacing 
groups would he all that is necessary, d'his agrees with statements by 
Uenham and \\'o( xl house and by Irvine and Ilirst, *'^ that methy- 
lated cellidose retains the fibrous form of the original celltilose. 

'fhe structure was de\eloj>ed upon the asstimption of the correct- 
ness of Irvine's concludon, that when cellulose is methylated, replace- 
ment of hydroxyl groups occurs on the second, third and sixth carbon 
atoms; and reference to the figures will show that these carbon atoms 
and no other carry hydroxyl groups ojK'n for substitution. It should he 
jxiinled out, however, that the conclusion to which we have just re- 
ferred has not gone unchallenged, lle'-s ” has expressed the belief 
that cellulose is modified by treatment with alkaline solutions, of the 
strength used in methylation, ])ossil)ly causing a change in the posi- 
tions open to substitution; conse(|uently conclusions as to the structure 
of celluloie ba.sed upon the ascertained structure of its methylated 
pniduct may not be valid. 

Alterations of the tyi>e referred to by Hess can he shown to he 
rather improbable when we inter]>rel, in terms of our proposed struc- 
ture, some recent X-ray investigations by Katz and Mark on the 
swelling of cellulose libers in alkaline solution. The data obtained by 
these authors indicate that there is some alteration in structure upon 
adding alkali, but that on washing out the alkali, the original struc- 
ture reappears, diflfering only by slight enlargement of some of the 
dimensions. Some of Herzog’s most recent data give similar in- 

Chem, Soc . 103, 1735 (1913); 119, 77 (1921). 

«*/. Ch^. Soc., 123, 618 32 (1923). 

« He.vs and Weltzcin, Liebig's Ann., 436. 1-144 (1923) 
physik. them., 115, 886-404 (1925) 

»• Herzog, J. ph\s. Chtm., SO, 456-67 (1926). 
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dications. Tliis behavior, like simple swelling with water, is explain- 
able on the assumption that alkali molecules enter between the longi- 
tudinal chains and so cause lateral expansion. The alterations are 
consequently changes in the relative j)Ositions of the longitudinal chains, 
and not changes within the chains themselves. It is conceivable that 
it is the action of the alkali in forcing apart the longitudinal chains 
that makes possible the entrance of the methoxyl groups during the 
methylation reaction. At any rate, it is consistent with tlie projx^sed 
cellulose structure, as well as with the observed facts, to assume that 
treatment with alkalies and methylating agents j)roduces a methylated 
cellulose which is still fibrous, and which differs from the original cel- 
lulose structure only in the greater se])aration of the longitudinal 
chains. 

Although replacement of the side hydroxyls should not affect the 
integrity of the longitudinal chains, the increased separatifai of the 
chains by substitution of larger gnnips for the hydroxyls would tend 
to weaken the fibrous structure, and it is conceivable that very large 
groups might so far sei)arate the longitudinal chains as to render 
ineffcx'tiial the lateral "talnli/ing forces. The fibrous structure would 
then tend to become destroyed, by the bending or collapsing of the 
long chains. This condition may explain the fact that cellulose nitrates 
retain the fibrous structure much better than do the corresponding 
cellulose acetates. In order to accommodate the acetate gnjups, a 
wider separation of the chains is reiiuired than for the nitrate groups, 
and possibly the distance may be so great, in the case of the acetate 
groups, that the. lateral forces are no longer able to maintain the rela- 
tive ix)sitions of the chains as they existed in the unsubstituted cellulose. 

Consistent with our iKJstulated structure, we may assume that the 
breakdown of the fibrous structure of cellulose, under the action of 
various chemical treatments, begins with the scixiration of the longi- 
tudinal chains. Deix^nding upon the nature of the treatment, subse- 
quent solution and hydrolysis of the sei)arated chains may occur; for 
example, in simple acetylation, proceeding only as far as the produc- 
tion of the triacetate, the longitudinal chains may remain intact, while 
in the case of acetolysis in which a higher degree of acetylation is 
attained, the chains are split up into units of C ^2 or Co dimensions. 
Once the fibrous structure is lost, the ix)ssibilities for rearrangement 
are almost infinite. Apparently no evidence is yet available to in- 
dicate what types of structure may cKVur in the stages immediately 
succeeding the breakdown of the fibrous structure. 

So far there is no complete evidence that the structure which we 
propose for ramie cellulose applies to other naturally occurring cel- 
luloses, such as cotton, wood, esparto, etc. Nevertheless, the fact 
that the structure explains so many of the general properties and re- 
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actions of cellulose fibers would suggest that it represents, possibly 
with modifications, the general structure of all fibrous cellulosic material. 

In some types of cellulose, for example, the cellulose derived from 
wood, or from e^-parto, xylose units are invariably found associated 
with the hexose units which make up the cellulose structure. The 
presence of these jx^ntose units may be explained on the assumption 
that tl'rcse tyjxis of cellulose ix)ssess structures similar to that which 
we have ptJistulated for ramie cellulose. Hibbert and Parsons*’^ have 
shown that in the oxidation of cellulo.se (to so-called oxylcellulose), 
the primary alcolujl group, or the group involving the sixth carbon 
atom, becomes oxidized fir>t to an aldehyde group and finally to a 
carboxyl, thus producing a glucuronic acid unit. It is known that 
sugar acids (jf this tyi)e readily undergo decarboxylation with the 
formation of pentoses; in the case of glucuronic acid, the correspond- 
ing pentose is xylose. Since the normal form of xylose, like that of 
glucose, is now regarded as having the amylene oxide structure, we 
may logically regard the xylose units as produced in .such structures 
as we have proiK).sed hy successive oxidation and decarboxylation of 
some of the glucose units according to the scheme: 


con 
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I 
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COH COH 
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^(CHOH), 
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\ 

glucuronic acid xylose 


It was suggesfed .'•ome years ago by Spoehr that the formation of 
IKMitoses in plants might occur by reactions of this type. The im- 
portant observatit)n in connection with the present conception of cel- 
lulose structure is that this type of reaction can readily* occur without 
disturbing the fibrous structure; this is in accord with the fact that 
cellulo.'^es which contain xylose j>os.sess the same fibrous structure as 
the cellulo.ses which are made up wholly of hexose units. 

1 he researches of Irvine and Hirst on e.sparto cellulose and of 
Heuser and Haug on straw cellulose appear to indicate that the 
xylose portions of the.se cellulo.ses are localized in alkali soluble xylan 
units, rather than that pento-e and hexose units exist in intimate union 
distributed throughout all parts of the fiber. This would suggest, in 
terms of our postulated structure (see Figure 17) that in certain chains, 
all of the glucose units had become converted into xylo.se units by the 

*•/. Soc. Chem iHd., 44, 473T-485T {^925). 

••Haworth, Nature, 116, 430 (1925). 

•• Carnegie Inst. Piiblication No 287, p. 78. 

•»7. Chem. Soc., 125, 15-25 (1924). 

••Z. attffew. Chem., 31, 99 100, 108-4 (1918). 



THB STRUCTURE OF, RAMIE CELLULOSE 201 

described processes of oxidation and decarboxylation, and that the>e 
altered chains constitute the xylan units. Consistent with the views of 
Netthofel,^” the altered ixirtion of the fiber would be the ex)X)sccl 
inner and outer surfaces of the cylindrical tube tliat constitutes the 
fiber. 

The present authors do not wish to ^o further than to jxiint out 
that there is a remarkable agreement between the j>roposed structure 
for ramie cellulose and the known pro]KTties and behavior of cellulose 
fibers. Many of the suggested relations that have been mentioned in 
this paper are capable of, and indeed reijihre exjierimental confirma- 
tion. It is our intention, as opportunity |K‘rmits, to carry out experi- 
mental studies to further clarify the nature of cellulosic fibers. 

Summary. 

1. A conception of the structure of ramie cellulose is described, 
based on previously published X-ray data and upon studies with stereo- 
chemical models. The projxised structure agrees with the sjjace lattice 
indicated by the X-ray data and is apparently consistent with all of 
the physical pro|)erties and chemical reactions of fibrous cellulose. 

2. The cellulose structure is made up of glucose units. Of the 
various jKissible structural formuke for glucose, it is shown that the 
amylene oxide ring formula is in closest agreement with the X-ray 
requirements. It is accordingly accepted as the probable structural 
unit of cellulose. 

3. The glucose units are apparently united in chains of indefinite 
length by glucosidal condensation. The union between units is alter- 
nately a 1-1 and a 4-4 linkage. The X-ray data indicate that the 1-4 
linkages, characteristic of cellohiose, do not exist in the ramie cellulose 
structure. 

4. The chains of glucose units are spaced rectangularly 6.10 X 5.40 
Angstrom units ajxirt. 'I'he greatest breadth of the glucose units lie 
along one of the diagonals of the 6.10 X 5.40 rectangle. 

5. A group of eight glucose units is the simplest unit that can 
represent the structure of cellulose. This corres])onds to the crystal- 
lographic unit with axes: a = 10.80; b ~ 12.20; and c “ 10.25 Ang- 
strom units. 

6. The ramie fiber is a hollow cylinder, in the walls of which the 
crystallographic units are distributed so that one of the diagonals of 
the 6.10 X 5.40 spacing always occupies a tangential position. 

7. The cellulose structure is stabilized longitudinally by the primary 
valence forces that unite the glucose units; it is stabilized laterally by 
the secondary valence forces of the oxygen atoms. 

••See Heuser, Wes* and E»sc!in, "Textbook of Cellulose CfaetHistry," 123 (1924). 



202 


COLLOID SYMPOSIUM MONOGRAPH 


8. 1'he proposed structure accounts for the tensile strength of the 
fibers in the longitudinal direction. It also explains the different 
longitudinal and lateral thermal expansions, and accounts for swelling 
phenomena. 

9. The structure is in agreement with Irvine’s methylation data in 
that the hydroxyls utK^ii carbon atoms 2, 3, and 6 are ojxin for sub- 
stitution. Ester formation is shown to be possible without altera- 
tion of the fibrous structure other than separation of the longitudinal 
chains. 'Fhis, however, may weaken the fibrous structure and if the 
introduced groui)s arc large, the secondary valence forces may become 
unable to stabilize the fibrous arrangement. 

10. Since the structure for ramie cellulose agrees with the nature 
of cellulose fibers in general, it appears likely that other celluloses 
possess a similar structure. 

11. 'Fhe presence of xylose units in some celluloses may be ac- 
counted for by assuming that oxidation of glucose units to glucuronic 
acid occurs with ^ubsc((uent decarboxylation to xylose. In the pro- 
posed structure, these changes would not materially alter the original 
fibrous structure. 

University of C alifornia. 



ORGANOIMIILIC COLLOIDS 


Uv (L StAFI'ORD WllITHY 

In the early iXTind of colloid chemistry attention was directed 
largely to inorganic substances in the colloid state and especially to 
lyophobic systems such as sols of gold, silver, arsenic sulfide, etc. 
Later lyophilic systems, so much more imjKirtant both physiologically 
and industrially than lyo])hobic ones, became the main object of study. 
The lyophilic colloids studied have, however, until very recently, been 
almost exclusively bydn)])hilic. lUit it is not diflicult to observe a tend- 
ency among colloid chemists to bestow an increasing measure of atten- 
tion on that class of lyophilic colloids which swells in and form sols 
and gels with, not water, but organic liquids the organo]>hilic colloids. 

It is not to be denied that among lyophilic colloids the hydrophilic 
ones are of su]>reme importance because of their intimate relation to 
the processes of life, 'fhe behavior of the hydrophilic colloids is, how- 
ever, complicated by the circumstance that, on account of the prc'Nence 
of water, they are nuich subject to ionic and electrical influences. And 
the proteins are subject to an additional complication, in that they 
are amphoteric. The organophilic eolloids, by contrast, would a])))ear 
to be little subject to such complications, since the media in which they 
form sols and gels arc usually non-ionizing. It would not be unfair 
to say that in organophilic colloid .systems the essential features of 
colloids are presented without the complicating accessory features 
found in the case of hydrophilic colloid systems, 'fhis consideration 
affords sufficient general justification for urging the value in the de- 
velopment of the theory of lyophilic colloids of a fuller study of the 
organophilic colloids than has hitherto been made. The objec t of the 
pre.sent paper is not to attempt any exhaustive or systematic survey of 
our present knowdedge of the organophilic colloids, but merely to offer 
some notes on certain of the points concerning this class of colloids 
which api:>eal to the writer as being of interest and deserving of further 
study. 

It may further be remarked that the organophilic colloids are de- 
serving of fuller study, not only Ijecause of the contributions which 
such study can make to the development of colloid theory, but also 
because a not inconsiderable number of them are of great industrial 
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204 


COLLOID SYMPOSIUM MONOGRAPH 


importance. In this connection it is interesting to note that, whereas 
most of the hyclroi>hilic colloids are natural products, most of the 
organophilic colloids are artificial products. I need but recall the pro- 
teins, starch, pectin, saponins, agar, gums on the one hand ; vulcanized 
rubber, nitrocellulose, acetocellulose, linoxyn on the other.^ This state 
of affairs is what might have been expected from the fact that life first 
developed in water and that the processes of life take place in aqueous, 
not organic, media. 

In view of the fact that the organophilic colloids are mostly arti- 
ficial products, it may safely be asserted that, with the progress of 
discovery, their number will greatly increase in the future. 

Relation Between the Chemical Character of the Organophilic Col- 
loids and That of the Liquids Which They Imbibe. 

Since the medium in which a purely hydrophilic colloid dis|>erses 
is always water, whereas an organophilic colloid is dispersable in many 
different media, a problem presents itself at the outset in connection 
with the organophilic colloids which does not arise in connection with 
the hydroj)hilfc : the problem, namely, of the relation if any between 
the chemical structure of the colloid and that of the media in which 
it is dispersable. Undoubtedly the chemical structure of liquids deter- 
mines their ability first to bring about first swelling and then disi^er- 
sion of a given organoi)hilic colloid, as the following data will show. 

Rubber and Cellulose Esters: 

In the course of measurements of the swelling of rubber, both raw 
and vulcani/.ed, in more than 350 organic liquids, which have been 
carried out in the author's laboratory during the piist three years and 
a full account of which will be published shortly, many regularities 
have been observed in regard to the relation between the chemical 
structure of liquids and their imbibition by rubber. It has been found 
that, in addition to the recognized solvents for rubber, i.c., hydrocar- 
bons and chlorinated hydrocarbons, liquids belonging to many other 
classes are cai>ablc of swelling raw and vulcanized rubber and of 
disi^ersing the former. In general it has been found that in any 
homologous series of compounds containing an active group, such as 
a hydroxyl nitrile, aldehyde, or c?irbonyl group, imbibition by rubber 

* Raw rubber might perhaps, be urgeil as an exception to this generalization. But it is 
at all events to be noted that in nature rubber occurs in a lyophobic system. The rubber 
hydrocarbon does not swell in water In nature it occurs in an aqueous medium as 
unswollen globules maintained in suvpciision by means of a protective colloid — protein. Its 
organophilic properties play, .so far as we know, little part in nature. Only in the industrial 
irts docs it function as an organophilic colloid 

A real exception to the generalization stated in the text is probably to be seen in 
phytosterol in, to which a paragniph is devoted later. 
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ncreases as the series is ascended. This is exactly the reverse of the 
ase with nitro- and acetocellulose.* 

And no better method of emphasizing; the relation between the 
hemical character of an organophilic colloid and that of the media in 
ivKich it swells and may be dispersed can, 1 believe, be followed than 
:o institute a comparison between the solvents for rubber on the one 
land and for cellulose nitrate and acetate on the other. 

With a certain limited numlier of exceptions, solvents for the com- 
mon cellulose esters are non-solvents f(»r rubber, and, conversely, sol- 
vents for rubber are non-solvents for the cellulose esters. Sjx^aking 
very broadly, the case may perhaps be stated thus : cellulose nitrate 
and acetate, representing a trihydric comixiund esteritied with resjKX'- 
tively an inorganic acid and a fatty acid of low molecular weight, are 
polar substances and in general imbibe and yield sols wdtb ]x»lar organic 
liquids, i e., with the lowest members of organic series containing active 
groups, while rublxr, a hydrocarbon, is non-polar and in general 
imbibes most freely and when unvulcanized yields sols w'ilh li{|uids of 
low ]x)larity, i.e., with hydrocarbons, balogenale<l hydrocarbons, and 
the higher members of series containing active groups. In general, 
compounds containing active groups are swelling agents for rubber 
only if they contain as well hydrocarbon residues of some length; and, 
the larger the hydrexarbon residue, the greater is the extent to which 
they arc imbibed. Conversely, long hydrocarbon residues are unfa- 
vorable and active grou])s favorable to the dispersion of cellulose esters. 
Compounds containing active grou])s are solvents for the cellulose esters 
only if the hydrocarbon residues present are small. C^)nsider the be- 
havior of rui)ber and of cellulose acetate to a number of types of 
compounds. 

Hydrocarbons, etc. Hydrocarbons are in general good swelling 
agents for rubber and non-solvents for the cellulose esters. For 
example: petrolic ether is a non-solvent for cellulose esters,^ and tur- 
pentine does not dissolve cellulose acetate. “ It is interes-ting to note 
that the sesquiterpene, caryophyllene, which was the only exception 
encountered to the general rule that hydrocarbons are good .solvents 
for rubber, will dissolve cellulose acetate and yield gels with it.® 

The stereoisomeric sym.-dichlorethylenes present an interesting 
case. Walden and Werner ® found these isomers to differ noticeably 
in dielectric constant, the cis- compound having a dielectric constant 
about half that of the trans- compound. Our measurements showed 
that the cis- compound has a higher swelling power for rubber than 


* Vide Mardlcs J. Soc Chem. Ind., 42 128T (1923); McBain, Harvty and Smith, 
J. phvK. Chem. 30, 33.5 (1926). 

* tf. e.g., Sproxton, Third Rep. Collotd Chem., p. 84. 

• Fenton and Berry, Proc. Camb, Phil. Soc , 20, 16 (1920). . , , , 

• Data for which no literature references arc given are from the author $ laboratory. 

*Z. physik. Chem., Ill, 465 (1924). 
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the trans- isomer, and, in accord with this finding, that it is a better 
precipitant for cellulose acetate. 10 ccs. of a 2.5 per cent solution of 
cellulose acetate in acetone required about 14 ccs. of the cis- and about 
24 CCS. of the trans- compound to produce turbidity. That is to say: 
the isomer which swells rubber the more is the more effective in 
de-solvating cellulose acetate. 

Aldehydes. Acetaldehyde, in which an active group is attached to 
a short hydrocarbon residue, is a solvent for cellulose acetate,^ and a 
non-solvent for rubber. If the hydrocarbon residue attached to the 
same active grouj) is lengthened, the position gradually becomes re- 
versed : .solvent action on cellulose acetate falls off and imbibition by 
rubber increases. Thus heptaldehyde fails to dissolve cellulo.se acetate,’’ 
but dissolves raw rubber. Salicylaldehyde ® ani.saldehydc, and cinnamyl 
aldehyde all dissolve cellulose acetate, but are very poor swelling agents 
for rubber. 

Ketones. Acetone is a very good solvent for the ordinary cellulose 
acetate; it will precipitate rubber from solution. Methyl ethyl ketone 
is a i>oorer solvent for cellulo.se acetate than is acetone, but the 
IX)sition is reversed in regard to the swelling of rubber: methyl ethyl 
ketone produces a little swelling, whereas acetone produces none at all, 
and, in accord with this, very much more methyl ethyl ketone than 
acetone is required to precipitate rubber from a given solution. It is 
neces.sarv to go only to the next member of the series, viz. diethyl 
ketone to encounter a liquid which will not dis.solve cellulose acetate 
hut will dis.solve rubber. The next member, ethyl propyl ketone, is, 
similarly, a .solvent for rubber and a non-solvent for the acetate. 

The initial product of the acetylation of cellulose is soluble in 
chloroform and almost in.soluble in acetone. In the industrial pro- 
duction of cellulo.se acetate, the initial product is usuallv treated with 
water according to the Miles process. This treatment if carried 
far enough renders the acetate soluble in acetone and insoluble in 
chloroform.’' I his .state of affairs is in accord with the point of view 
here under consideration. The partial hydrolysis which the treatment 
produces would, by increasing the polar character of the cellulose 
acetate, increase its affinity for a polar molecule such as that of acetone 
and diminish its affinity for a non-polar substance such as chloroform. 

Nitro compounds. Another active group, the presence of which 
usually results in a high dielectric constant and favors solution of 
cellulose acetate but which is unfavorable to the swelling of rubber, is 
the nitro group. Nitrobenzene has long been known as a solvent for 

^ Fenton and Berry, loc. nt. 

• Mardles, / Soc. Chew Ind., 42. 12'7T (1923). 

• Fenton an<l Berry, loc. cit. 

Mardles, loc. cit. 

“ Cf. e.g., Worden, "TechnoloRy of the cellulose esters,” 1916, vol. 8, 2574. 
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cellulose nitrate; it is also a solvent for the acetate.''^ It does not dis- 
solve ' rubber, and is a comparatively poor swelling agent for that 
material. Nitromethane is not imbibed by rubber, but is. I find, a 
very good solvent for cellulose acetate, taking up large ([uantities in 
the cold. While the ether anisole is a good rubl)er solvent and a non- 
solvent for cellulose acetate, the introduction of a nitro group, as in 
o-nitranisolc, destroys the ability to sw’ell rubber, but confers solvent 
power for cellulose acetate. 

Nitriles. Acetonitrile, a liquid with a high dielectric constant, dis- 
solves cellulose acetate, hut entirely fails to swell rubber. If, how- 
ever, as in capronitrile, C^tlnCN, the hydrocarbon residue is increased 
considerably in size, a nitrile t)roduces some swelling of ruhlx?r and 
is only a very poor solvent for cellulose acetate. ( C'ajmjuitrile will 
dissolve cellulose acetate on boiling, hut the latter separates again on 
cooling.) rhenylacetonitrile produces hardly any swelling of rubber; 
it will dissolve cellulose acetate. 

. hilixdriclcs. Acetic anhydride is well known to dissolve cellulose 
acetate; it swells rubber hardly at all. If, however, the homologous 
series is ascended to the n-valeric compound, (CJl9r0)20, it is found 
that the anhydride swells rubber but i^* a very iX)or solvent for cellulose 
acetate. { d he acetate will dissolve in Ixfiling valeric anhydride, but 
separates on cooling as a gelatinous [>reci[)itale.) 

Hydroxy com pounds. The j^resence of the hydroxyl group, ))ar- 
ticularly in the aliphatic scries, by rendering the molecules |K)lar, tends 
to produce solvent |X)wer for cellulose acetate and lack of such ]K>wer 
for rubber. Only if a long hydnx-arbon chain is attached to the 
hvdroxyl group arc in general hydroxy conijxmnds imbibed by rubber, 
and even then only to Hich a small extent that they will not disi)erse 
the rubber. The lower alcohols will dissolve cellulose acetate on heat- 
ing, but the solvent power falls oflf from methyl to ethyl to butyl 
alcohol. Rubber has such little affinity for methyl and ethyl alcohols 
that these liquids will precipitate it from solution. As the series is 
ascended, however, alcohols lose the ability to precipitate rubber; they 
acquire ability to -well rubber and lose ability to dissolve cellulose 
acetate. Heptyl alcohol will dissolve cellulose acetate only on boiling, 
and the acetate separates on cooling, while octyl alcohol will not dissolve 
cellulose acetate even on boiling, but will produce some swelling of 
rubber. 

h'thylene chlorhydrin,’'^ monochlorhydrin, and dichlorhydrin are 
solvents for cellulose acetate. They produce practically no swelling 
of rubber. If, however, the hydroxyl groups are completely replaced 

Fenton and Berry, loc. cit. 

« Ibid. 

** Mardles, loc. cit. 

Putman and Kirst, U. S. Pat., Feb, 14, 1922. 
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by chlorine, as in ethylene dichloride and trichlorhydrin, good solvent, 
for rubber at once appear. 

Other livclroxy coinjwunds which are solvents for cellulose acetate 
Z’t// produce little or no swelling of rubber are: benzyl alcoholp” phenol 
cresol,'’ cyclobexanot, diacetone alcohol, the mononiethyl ether of 

ethylene glycol,"' eugenol,'" lactic acid,'" ethyl lactate. Under the head 
of hydroxy cowixiunds reference way be made to tbioglycoilic acid. 
This swells rubber hardly at all. It was found to be a solvent for 
cellulose acetate. 

Bases, /{jiiline will dissolve cellulose acetate, but substitution 
in the amino jL^roii]/ reduces solvent power, methylaniline being a poorer 
solvent than aniline and diniethylanilinc a non-solvent.^’ The behavior 
of rubber in these lifjuids is exactly the reverse: aniline hardly swells 
rubber at all ; methylaniline swells it considerably but not sufficiently 
to lead to dispersion ; dimethylaniline is a good solvent for rubber. 
Benzylamine will dissolve cellulose acetate;’^” dibenzylamine has very 
little jolvent power ft>r the ester, it being necessary to raise the liquid 
to its boiling-|>oint (30()‘’) in order to produce dissolution. Conversely, 
benzylamine produces only slight swelling of rubl:)er, while dibenzyla- 
mine produces considerable. 

The influence of an unsubstituted amino group in conferring solvent 
power for cellulose acetate and destroying it for rubber is .'•een in the 
case of anisidine. As already mentioned, ani^ole is a solvent for 
rubber and not for cellulose acetate. o-Anisidine, on the contrary, is 
hardly imbibed at all by rubber, whereas it will dissolve cellulose 
acetate. 

Acids. In the scries of fatty acids, too, the rule holds that solvent 
power for cellulose acetate falls and for rubber risc> as the series is 
ascended. Acetic acid will dissolve the ester, but not rubber, whereas 
caprylic acid will dissolve rubber, but is only a very poor solvent for 
the ester. Although the lowest meml>ers of the fatty acid series are 
non-solvents for rubber, the corresponding acid chlorides are good 
solvents. T find that conversely the acid chlorides will not dissolve 
cellulose acetate. That is to say : as in the case of the alcohols and 
glycols, replacement of — OH by Cl (R.CO.OH — » R.CO.Cl) re- 
verses behavior towards cellulose acetate and rubber. 

Esters. Methyl acetate, CH.., -COOCH.;, is a solvent for cellulose 
acetate,"^ whereas it is a precipitant for rubber. Speaking broadly, it 
may be .said that any lengthening of either of the alkyl eronps, R or R', 

Mardlf!*, toe. cit.; Trans. Farad. Soc . 18. 313 et seq. (1923). 

"Mardles, J Soc. Chetn. Ind., 42. 127 (1923), 

» Marks Eng. Pat. 238,485, Apr. 3, 1925. 

'•Worden, loc. cit., 2681. 

*• Kenton and Bcir)’, loc. cit.; Mardle? loc. cit. 

** Mardles, loc. cit. 

•* Mardles, toe. cit. 

»* Mardles, loc. cit. 
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in an ester, R.COOR', reduces the solvent power for cellulose acetate 
and raises the imbibition b^ rubber. For example, if the R' of methyl 
acetate is increased to C4He, solvent *ix)wer for cellulose acetate is lost, 
butyl acetate l 3 eing a non-solvent.^* 

On the other liand swelling power for rubber rises through ethyl 
through propyl to butyl acetate, the latter being a solvent. Or consider 
the case of lengthening the group R. Fthyl acetate is a cellulose acetate 
solvent and a rubber non-solvent, whereas ethyl butyrate is a non- 
solvent for cellulose acetate-* and a solvent for rubber. 

The influence of an increase in the length of the hydrocarbon residue 
is to l)e seen particularly clearly in the case of the e.sters of dicarboxylic 
acids. Ethyl oxalate. (C..llr.O()(T2. will dissolve cellulose acetate,-^ 
but produces hardly any swelling of rubber. Istjamyl oxalate, 
1C )2, however, with its longer alkyl groups, fails to dissolve 
cellulose acetate even on heating to its boiling-point, but swells rubber 
very considerably. Again, without increasing*thc ethyl groups of ethyl 
oxalate, interposition of an alkylene group between the carbethoxy 
groups causes solvent ]X)W'er for cellulose acetate to fall and imbibition 
by rubber to rise. Ethyl malonate is .still a solvent for the acetate 
and a poor .swelling agent for rubber, and so is ethyl succinate, but 
ethyl sebacate, Etf^OC . (CH.2)s • f'OOEt, is a non-solvent for cellulose 
acetate,-'" while it swells rubber very considerably. 

A similar state of affairs occurs with the esters of dihydric alcohols. 
'Phe following are imbibed in increasing amounts by rubber, viz. 

Ethylene glycol diacetate, CllaOOC . . CHo . CODCIlg, 

Trimethylene glycol diacetatc, lOC . C Ib. . CII2 . CH2 . 

COOCHa, 

Ethylene glycol dipropionate, C2lI.',OOC . CHo . CPIj . C 0 ( 

Ethylene glycol dibutyrate, CalCOOC . CH2 . CHa . C( )C)CJl7, 
Trimethylene glycol dibutyrate, CaH7OOC.CH2.CH2.CH2. 
COOCaHr. 

This also represents the order of diminishing solvent jx)wer for cel- 
lulose acetate. The first two liquids dissolve the acetate readily in 
the cold. The third causes it to swell in the cold but requires gentle 
heating to produce .solution. The last two liquids require heating to 
the boiling-ix)int to produce solution, and on cooling the solutions the 
cellulose ester separates. 

Similar relations hold in the case of many other series of esters, 
increase in the proportion of the molecule represented by hydrocarbon 
residues leading in general to greater imbibition by rubber. 

” Mardles, toe. cit. 

*• Mardles, toe. cit. 

^ Fenton and Berry, loc. cit, 

» Cf. Worden, toe. cit., 2697. 
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Ethers, In general ethers are non-solvents for cellulose acetate 
and solvents for rubber. As already mentioned, rubber is soluble and 
cellulose acetate insoluble in mixed alkyl-aryl ethers such as anisole. 
It was observed, however, that y-hromopropyl phenyl ether had very 
little swelling power for rubber; and, on examining the effect of this 
compound on cellulose acetate, it was found to dissolve the latter. 

Di-ethers of the acetal type are interesting. Acetal itself, 
(1 la . ClI (OC mH 5)2, has been described as a non-solvent for cellulose 
acetate;^” it is a good solvent for rul^ber. If, however, the more 
polar comi)ound, methylal, H.CHCOCHa)^, is examined, it is found 
to be a non-solvent for rubber and an excellent solvent for cellulose 
acetate. 

Carious compounds, b'ormamide, a liquid with a very high di- 
electric constant, dissolves cellulose acetate,*^® but is not imbibed at all 
l>y rubber. Licjiiid sulphur dioxide is a solvent for cellulose acetate,®’ 
but not for rubber. 

Behavior of Meta-Styrene to Organic Liquids : 

Following the general considerations regarding the influence of the 
chemical constitution of liquids on the behavior of organophilic colloids 
which have been outlined in the above comparison of rubber and cel- 
lulose acetate, some observations were made on the behavior of meta- 
.styrene in various liquids. And it was found that this colloid, which, 
like rubber, is a hydrocarbon, in general swells and disperses in liquids 
of the same types as those in which rubber swells and fails to swell in 
liquids which are non-sohents for rubber but good solvents for cellulose 
acetate. In the case of meta-styrene, as in the case of rubber, in- 
crease in the length of the hydrocarbon residues present in a given 
type of organic molecule tends to increase ability to produce swell- 
ing and disjX'rsion. 

Owing probably to the lower mechanical strength of swollen meta- 
styrene as compared with that of swollen rubber, meta-styrene usually 
disperses more easily than rubber. It was found, for example, that, 
where meta-styrene is insoluble in the lowest member of a given 
homologous .series, it is not usually necessary to ascend the series so 
far as in the case of rubber in order to encounter a solvent. But this 
quantitative difference from rubber does not obscure the fact that 
broadly the same generalizations regarding the relation between chem- 
ical structure and swelling ix)wer hold for meta-styrene as for rubber. 
Some examples will serve to illustrate the parallelism between the be- 
havior of meta-styrene and rubber and the contrast between meta- 
styrene and cellulose acetate. 

” Fenton and Berry, loc. cit, 

Fenton and Berry, foe, cU. 

Fenton and Berry, loc. cit. 
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In formamide, acetonitrile, acetoacetic ester, ethyl alcohol, dichlor- 
hydrin, diacctone alcohol, cyclohexanol, ethyl malonatc, ethyl oxalate, 
acetic anhydride, and acetic acid, all of which are solvents for cel- 
lulose acetate and non-solvents for rubber, meta-styrene entirely fails 
to swell. Ethers. Meta-styrene dissolves in acetal; less readily in 
ethylal, and not at all in methylal. It readily disix.*rses in anisole. In 
the aliphatic ethers its behavior is different from that of rubber, since 
it swells only very slowly in ethyl ether and not at all in isoamyl ether. 
Hydrocarbmis. Like rubber, meta-styrene readily swells and disix^rscs 
in aromatic hydrocarbons and halogenated hydrocarbons, c.//., in ben- 
zene, toluene, xylene, tetrahydronaphthalenc, chloroform, carbon tetra- 
chloride, tribromhydrin, bromonaphthalcne. Uut it imbibes ali])halic 
hydrocarbons hardly at all (Cf. its behavior in aromatic and aliphatic 
ethers, supra). Rubber imbibes aliphatic hydrocarbons to a much 
smaller extent than aromatic ones, but the difference is by no means 
so marked as in the case of meta-styrene. Meta-styrene imbibes pinene 
only slightly. Like rubber, it hardly swells at all in caryophyllenc. 
Esters. As in the case of rublwr, while ethyl malonatc produces no 
swelling, ethyl sebacate swells meta-styrene and gradually disperses 
it. As with rubber, swelling generally increases as the length of the 
hydrocarbon residues is increased. Thus butyl acetate swells and 
disi^erses meta-styrene comparati\ely quickly, whereas after a week 
at room temix.‘rature methyl and ethyl acetates have produced (mly 
swelling, not solution. Ethyl but>rate, amyl acetate, and ethyl hepto- 
ate all swell and dissolve meta-styrene. Ethyl benzoate, a rubber 
solvent, also dissolves meta-styrene gradually. Amines. As in the 
case of rubber, swelling power increases in the order aniline-methyl- 
anilinc-dimethylaniline ; and the secondary amines, diethylaniine and 
piperidine, are powerful solvents. Sulfur compounds. A striking 
feature about the behavior of rubber towards organic liquids is that 
the replacement of oxygen by sulfur often converts a substance with 
little or no swelling ix)wer into a powerful swelling agent and solvent. 
This is found also to be the case with meta-styrene, i^thyl mer- 
captan and thiophenol rapidly dis[)erse it. Phenyl isothiocyanate, a 
good solvent for rubber, is also one for meta-styrene. It is dis- 
tinguished by giving a comparatively limpid solution. Aldehydes. As 
with rubber, heptaldehyde produces swelling followed by solution; and 
benzaldchyde swells the colloid more rapidly than salicylaldehyde. 
Ketones. Acetone is imbibed only very slightly by meta-styrene. 
Methyl ethyl ketone is imbibed to a considerably greater extent, and 
after seven days at room temjjerature has dispersed the colloid. Diethyl 
ketone rapidly swells meta-styrene, and takes it into solution at room 
temperature within seven hours. Acids. The fatty acids are much 
poorer swelling agents in the case of meta-styrene than in that of 
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rubber. Butyric acid produces practically no swelling, and even caprylic 
acid requires a long period at room temperature to produce solution. 

Higher Cellulose Esters and Cellulose Ethers: 

Still further examples serving to exhibit the interrelation in chem- 
ical character between organophilic colloids and their “solvents’' are 
to be found in the higher esters and in the ethers of cellulose, although 
the amount of data available in this connection is not large. 

Stearates and laurates of cellulose were prepared by Griin and 
Wittka by treating cellulose, in the presence of pyridine, with stearyl 
and lauryl chlorides. In these higher esters the Cll.^ groups of cel- 
lulose acetate are represented by long hydrocarbon residues, C17H35 
and resi)ectively. These esters are therefore much less polar 

than cellulose acetate, and accordingly their solubility relationships are 
different from those of the latter. Cellulose tlilaurate and distearate 
are insoluble in the usual solvents for the ordinary cellulose esters ; in 
epichlorhydrin, dichlorhydrin, and the esters of monocarboxylic acids. 
They are precipitated from solution by acetone. Cellulose distearate 
is insoluble in triacetin (a solvent for cellulose acetate), but, as the 
size of the alkyl groups is increased, its solubility in triglycerides 
increases. It shows progressively increasing solubility in tributyrin, 
tri-isovalerin, tricaprylin, etc., and dissolves freely in triolein.’^'* It is 
to be observed that the solubility relations of cellulose stearate are 
thus in contrast with tho.se of cellulo.n^ acetate despite the fact that 
the degree of acylation is lower in the stearate than in the acetate. 
The ordinary acetate corresponds approximately to a tri-ester, while 
the highest stearate prepared by (irim and W ittka was only a di-ester. 
If a tristearate could he prepared, it would i)robably be found that 
the contrast was still more marked. ’ Not improbably cellulose tri- 
stearate would dis5olve in hydrocarbons The dilaurate, dijxilmitatc, 
and distearate of hydrocellulose (slightly <legraded cellulose) prei)ared 
by Gault and Ehrmann were in fact colloidally .soluble in benzene 
and other aromatic hydrocarbons. They were also soluble in chloro- 
form and in tetrachlorethane, and were insoluble in acetone, alcohol, and 
acetic acid. 

Cellulose ethers have not yet been studied very fully. They are 
however presumably less polar than the lower esters; and, in accord 
with this presumption, it is found that, while cellulose acetate is in- 
soluble in hydrocarlx^ns, cellulose ethers are stated to dissolve in 
tetra- and deca-hydronaphthalene and apparently also in ethyl- 

angew. Chem., 24, 646 (1921). 

“ Grun and Wittka, loc. cit. 

•*Compt. r/nd., 177, 124 (1923). 

••U. S. Pat. 1441,181, Jan. 2, 1923. 
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benzene.'^" Ii would also apj)ear that they are soluble in dimethyl- 
aniline, a liquid in which, as previously mentioned, cellulose acetate 
is insoluble. 


Phytosterolin : 

Phytosterolin, a glucoside of sitosterol, was discovered by Power 
and his co-workers in the resin of various plants. It has since 
been found to occur frequently, although only in small amounts, in 
vegetable products ; it (K'curs. for example, in such diverse materials 
as rhubarb, wheat, and rubber. It does not [X)ssess a melting-point, 
but decomposes on heating to a high tenq)erature (ca. 2K0°). As 
was observed by its discoverers, it is insoluble in all the ordinary 
organic solvents, such as alcohol, ethyl acetate, acetone, benzene. The 
only solvents for it that were encountered by its discoverers were 
pyridine and hot amyl alcohol. 

A further examination of phytosterolin shows that it has the prop- 
erties of an organophilic colloid. < heating it with a variety of 
organic liquids, it will swell and then undergo disix^rsion ; and, on 
cooling, such disixrsions often set to firm gels. It is interesting 
to fiiuHliat the li(iuicls with which it forms sols and gels are, broadly 
speaking, similar in ty|>e to those in which a hydrocarbon colloid will 
dissolve. Aiq)arently the large hydrocarbon residue, C 27 II 45 , of the 
phytosterol is sufficient to render thy molecule one of low ix)larity 
despite the presence of five OH groups in the glucose ixirt. Phyto- 
stcrolin will, for example, disperse and yield gels with amines such 
as dibenzylamine and dimethylaniline. It will also yield sols and 
gels with a high-boiling hydrocarbon such as mesilylcne and with a 
high-boiling halogenated hydrocarbon such as (x-bromonaphthalene. 
Other tyiX 3 s of liquids in which it will disixirse and which are also 
swelling agents for rubber are mustard oils idienylisothiocyanate), 

higher ethers (e.g., anisole), and higher fatty acids (r.r/., cajirylic 
and oleic acids).’" The fact that it will dissolve in fatty acids is of 
interest as suggesting that in nature it occurs in solution in the fatty 
acids which usually or always accompany it. In fact it is i^rhaps 
the only known naturally-occurring organophilic colloid which occurs 
in nature in a swollen condition. 


Silver Soaps : 

While the alkali metal soaps are l)oth hydro- and orpno-philic, 
the silver soaps are only organophilic. And it is interesting to find 
that, in so far as a first survey of their solubility relationships eii- 

937 (l.lDl 103, 399, 1023 (1913). 

“ Whitby, Dolid, and Yorston, Trans. Chem. Soc.. June, 1926. 
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ables a general staleiiu'nt to Ijc ma<le, they are disi:>er sable and form 
gels in liquids of the same tyi>es as those which swell rubber and 
phytosterolin. 'I bis nia\ be considered as due to the long hydrocarbon 
chains which they contain. Silver palmitate, stearate, and oleate 
swell and dis|KM*se on heating them in xylene, and the sols thus formed 
.set on co(jling to ch‘ar or translucent gels. Silver oleate behaves 
similarly in ben/ene, but the palmitate and stearate do not appear to 
swell suftWienlly in boiling benzene for dispersion to take place. Dis- 
IKTsion in (jrganic li(|inds can be obtained at a lower jxjint in the fatty 
acid series in the case of the silver than in the case of the alkali metal 
salts. 'I’hir, silver caproate will disix*rse in hot xylene and on cooling 
form a weak gel, whereas sodium and potassium caproates remain un- 
dispersed in boiling .xylene.^** 


Molecular Weight of Organophilic Colloids. 


Kul)ber and the cellulose esters, the most fully investigated organo- 
philic colloids and those of greate.st industrial importance, are gen- 
erally Mii)posed to have very high molecular weights; and there is 
j)erhaps a tendency to assume that the possession by an organic sub- 
stance of the ability to swell in suital)lc liquids, to yield si.scous 
solutions at low concentrations, and to form gels necessarily implies 
a liigh molecular weight. I'hat any such assumption is unjustified is 
])rove(l by the fact that such conqiaratively small molecules as those of 
the soaps ((’{/., (-i-i/.ir.f ( ^Na and ('ull-urA ( )( bAg) and of phytostero- 
lin (C ,d 1 1 A bA J7I hr.) po^s(“ss the pro^KUties mentioned. Another ex- 
ample of an iu-ganophilic colloid of known, low molecular weight is otte, 
of considerable interest, afforded by the recent work of Staudinger 
and Jlruson on the polymerization of c\clopentadiene. d'hese authors 
have obtained a series of five polymerization steps of cycloix^ntadiene, 
of the type 
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Colloidal pro^x^rties api>eared in the penta-ixjlymer. While tri- and 
tetra-cycloixntadienes are crystalline solids and give normal values for 
the molecular weight by the freezing-point method in benzene, penta- 
cycloixntadiene is an amorphous solid, forming colloidal solutions and 
giving abnormally high values for the molecular weight by the cryo- 
scopic method. This substance, has a comparatively small 

“•Whitby, Scii’Mcr, 63. (1921); Trans Chem. Soc , June, 1926. 

Licbu/'s . Inn, 447, 97 (1926). 
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molecule, yet its solutions in benzene show the Tyndall phenomenon, 
and it separates from such solutions on cooling in a gelatinous condi- 
tion. A 1 per cent solution in hot nitrobenzene gels on cooling. 

The mere fact that an organophilic colloid gives high values when 
the molecular weight is determined by cryoscopy cannot be accepted 
as sufficient evidence of the possession of a high molecular weiglit 
in the sense in which the term is applicable to crystalloids. Staudinger 
and Bruson’s pentacyclopentadiene gave values from (CaH6)iK to 
(C 5 Ho) 4 o, yet molecular weights determined by the ebullioscopic method 
in chloroform and other evidence showed the molecule to be only 
Another case to which reference may be made in this con- 
nection is that of the organophilic colloids obtained by heating dry- 
ing oils alone, with oxygen, or with sulfur. Here too it has been 
found that the values obtained for the molecular weight by cryoscoj)y 
(including Kast’s camphor method) vary in a disturbing way with the 
concentration of the solution. It is of course well known that the 
figures obtained for the molvecular weight of liydrophilic colloids 
often vary with the concentration, but, as most of such colloids are 
naturally occurring substances of unknown molecular weight, it is 
not jx)ssible in such cases, as it is in the case of some of the organo- 
j)hilic colloids mentioned above, to compare the figures obtained with 
the known molecular weiglit. 

Considerations such as those just indicated suggest that it is de- 
sirable to exercise great caution in concluding from molecular weight 
determinations made by the ordinary methods that the molecules (the 
“chemicar’ molecules) of rubber and the cellulose esters are neces- 
sarily very large. 

Swelling. Viscosity. 

It would probably not be unfair to say that the property of lyophilic 
colloids which is fundamental and on which most of the other prop- 
erties depend is ability to imbibe suitable liquids— to swell. That 
this is so is perhaps somewhat obscured in the case of hydrophilic 
colloids and esi>ecially in the case of proteins by ionic eflfects. In the 
case of proteins a great deal of attention has been devoted to the 
way in which the magnitude of the swelling is influenced by the con- 
centration of hydrogen, hydroxyl, and other ions — not unnaturally, 

on account of its probable jdiysiological iniix)rtance. But, even in the 
case of proteins, the fundamental fact of the occurrence of swelling 
at all would seem to call for an explanation on lines other than ionic 
ones ; and certainly in the case of the organophilic colloids, especially 

« l^idc Seaton and Sawyer, /. Ind. ting. Chem., 8, 490 (1916); Friend, Trans. Chgm. 
Soc. Ill 162 (1917); /. Oil and Color Chemists Assoc., 1924, Suppl, to 7, No. 48; 

Morrell ibid. 7, 153 (1924); Whitby and Chataway, J. Soc. Chem Ind., 46, 116T 

(1926).’ 
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in the case of hydrcK'arbon colloids, an explanation of swelling cannot 
]H)ssibly be found in terms of ions. 

To make any dogmatic statements as to the fundamental nature 
of swelling would, in the present state of our knowledge, be premature: 
Nevertheless, it way Ije remarked that a consideration of the rela- 
tions which exist between the chemical character of liquids and their 
imbibition by a given organophilic colloid, especially by rubber (z^ide 
supra), make it difticult to resist the conclusion that the process of 
imbibition by lyophilic colloids is essentially similar to the process 
of solution in the ca-e of crystalloids, the main difference between 
such colloids and crystalloids being that in the case of the former 
the association of the licpiid with the solid does not, as in the latter, 
lead to dispersion of the solid into its individual molecules. In the 
case of lyophilic colloids, molecules of the ‘‘solvent” associate them- 
selves with molecules of the solid by means of residual forces, but 
this does not have the effect, as it does in the case of crystalloids, 
of breaking all the bonds which in the original solid united the in- 
dividual molecule^ into crystals or other aggregates, and there results 
swollen (solvated) aggregates of molecules. A view similar to this 
has recently been ext)ressed by Arsem,^- who writes : “When a crystal- 
line substance goes into solution, it .seems permissible to assume that 
the lattice- forming residual valence bonds arc sei>arated and appropri- 
ated by the superior C(»mbining t)ower of the solvent moleailes, so 
that the crystal structure is entirely broken down and the molecules 
individually disper.^ed. In a gel |.say, a swollen lyophilic colloid |, 
however, some of the residual valences function jKn'mancntly as lattice 
bonds while others remain free and can hold or release molecules of 
free phase in accordance with surrounding conditions. Swelling, then, 
is the result of the combination of the molecules of a Iluid with the 
free valences of a gel lattice.” 

In view of the fact that in the swelling of a colloid the associa- 
tion of the li(iuid with the M)lid is. as it were, arrested before it has 
brought about the dispersion of the solid to its molecular units, it 
is not jH'rhaps extravagant to say that a study of the forces involved 
in imbibition by colloids should go a considerable way towards elucidat- 
ing the process of solution of crystalloids. 

In addition to considerations regarding the relation between the 
chemical character of organophilic colloids and that of the liquids 
which they will imbibe, there are some other considerations which 
suggest that swelling bears a similarity to solution. There exists a 
very broad relationshij) l>etween dielectric constant and swelling power 
for organophilic colloids, although, as Mardles^”* has |x)inted out in 


»7. i>hyi. Chem.. 30, 306 (1926). 

»7. S'oc Chem. Ind., 42 , 127T (1923). 
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the case of cellulose acetate, there is far from being an exact i>aral- 
lelism. I'he broad relation between dielectric constant and swelling 
lX)wer is best seen in the case of rubber. Rubber, a hydrocarbon, has 
a low dielectric constant, and, sjxiaking broadly, swells most in liquids 
of low dielectric constant. In the course of our work on the swell- 
ing of rubber it has repeatedly been found that the jKissession of 
swelling jxjwer on the part of liquids could be predicted on the strength 
of this generalization. Thus, for example, following it, stannic chlo- 
ride, ar.-enic chloride and especially silicon tetrachloride were dis- 
covered to be good swelling agents for rubber. The extent to which 
a number of given liquids will sw'ell rubber is not usually in the 
exact order of the dielectric constants if the liquids belong to differ- 
ent chemical classes, but in a homologous series the order of swell- 
ing power is generally inversely that of the dielectric constants. The 
existence of a relation, albeit only a broad one, between dielectric 
constant and swelling is in accord with the view that swelling is 
similar to solution. ( Regarding the relation Ix'tween dielectric con- 
stant and solvent [x>wer for cry.stalloids, see e.g., Walden and Werner, 
Zeit. physikaL, 1924, 111, 465.) 

In ojDjxjsition to the idea of hTnton and llerry that a simple re- 
lation exists Ixtween high dielectric con.stant and solvent action on 
cellulose acetate, Mardles has urged the fact that, whereas dielectric 
constant diminishes with rise of temjxrature, solvent action increases. 
A similar argument from the effect of tenqxrature on solvent action, 
if applied to rubber, however, would tend to support rather than 
oppose the idea of a relation between dielectric constant and solvent 
action. For it would run as follows : a low dielectric constant in a 
liquid is favorable to swelling ; rise of tenq^erature reduces the di- 
electric constant; it should therefore fas in fact it does) increase 
swelling. The case would, however, be more correctly viewed in 
another way. The fact that ri.se of temixrature favors swelling and 
disixrsion both of celluhxse acetate and of rublxr should, it would 
seem, be read as arguing generally that the swelling ])rocess is es- 
sentially one of solution, for we know in the case of crystalloids that 
rise of temperature almost invariably favors .solution, whether the solute 
is one which dissolves most freely in liquids of low dielectric con- 
stant {e.g,, hydrocarbons) or in liquids of high dielectric constant 
{e,g., ethyl alcohol). 

Reference may lx made to the work of Knoevenagel and Motz 
on the distribution of various swelling agents for cellulose acetate be- 
tween the colloid and water in which the colloid was shaken. Work- 
ing with aqueous solutions of aniline, phenol, and ethyl tartrate, 

** Loc. cit, 

*• Loc. cit. 

Kolloidchetn. Bethcfte, 13, 194 (1921). 
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these authors found the distribution of the swelling agent to follow 
the law (Henry’s) applying to the distribution of a common solute be- 
tween two immiscil)le liquids. This result suggests that imbibition by 
cellulo.se acetate is essentially a process of solution. 

Consider now the question of the role of solvation in the viscosity 
of sols of organophilic colloids.'*^ Although the electrical charges on 
the particles may play a certain part in the viscosity of such sols,^** 
they aj)parently never play more than a comparatively small part. 
And the question arises as to whether the major role in the viscosity 
of sols of organophilic colloids is to be ascribed to solvation or to 
some other cause, such as, ejj., the existence of structure in the sys- 
tem. In the case of sols of nitrocellulose, McBain has recently 
expressed the opinion that the high viscosity is due for the most part, 
not to true solvation, hut rather to the immobilization of solvent 
owing to its being enmeshed in a loose structure formed by cohering 
and ramifying rigid colloid particles or micelles. He bases this opin- 
ion in part on the fact that sorption experiments show the degree 
of solvation of nitrex'd lit lose to be not more than KX) per cent 
of the weight of the nitrocellulose -a degree altogether too small to 
account for the observed viscosities. 

'riiere is reason to believe in the case of certain other and prob- 
ably in the case of many other organophilic colloid sols that the de- 
gree of solvation is much greater than that just mentioned, and con- 
.se(iuently that .solvation plays an imi)ortant if not a major part in 
producing high viscosities, h'or example, rubber can readily be ascer- 
tained to imbibe 2000-4{X)0 per cent of its weight of solvent when 
j)laced in certain liijuids. When raw rubber is immersed in a liquid 
of high swelling power, c.g., benzene, o-dichlorobenzene, carbon tetra- 
chloride. it w'ill be found to have increased in weight 20-40 times 
after 24 hours; it will thereafter gradually lose weight owing to diffu- 
sion of the swollen rubber into the liquid. And the actual degree 
of solvation of rubber by good swelling agents is almost certainly even 
higher than the increase in weight when a piece of rubber is immersed 
in the liquid, since diffusion of the solvated rubber out of the swollen 
gel begins lx* fore the piece as a whole has reached its maximum 
swelling. 

In addition to that obtained from measurements of swelling, it 
.seems possible to get some light on the solvation of rubber in its sols 
in certain other ways. On examining a benzene solution of rubber 
with the dark field condenser, it is impossible to discern particles 

It is hoped to discuss the role of .solvation in the gelation of sols of organophilic 
colloids in a later paper on the siher soaps, 

** Cf. Kniyt and Kg^ink, Proc. Roy. ^cad. Rotterdam, 26, 43 (1923); W'hitby and Jane, 
Second Colloid Symposium Monograph, 1925, 16; de Vries, Archtef 7’oor dc Rubbercultuur, 
9. 294 (1925). 

*•/. phys. Chem., 30, 239 (1926). 
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of disperse phase, but if the solution is subjected for some time to 
heat or to ultra-violet light (agencies which have the effect of re- 
ducing the viscosity), it l:>ecomes iX)ssible to sec ]xirticles under 
the microscope. Or again, if a precipitating liquid of suitable conqwsi- 
tion is added gradually to the solution, a stage is reached at which a 
strong Tyndall effect is observable; and at this point ixirticles are 
visible with the dark field condenser. Further, if, after the tniint 
just mentioned has been reached, more of the precipitating li((iiid is 
added, a turbidity appears, indicating the inset of precipitation. If 
the liquid is now allowed to stand undisturbed for several hours, the 
precipitate which was responsible for the turbidity settles as an “oily” 
layer, which consists of rubber swollen with a large anunmt of benzene 
(very approximately of the order of 10 times the weight of the rubber). 

In order to explain such observations, it would apjK'ar to be neces- 
sary to supixise the rubber in the original •solution to be solvated to 
a very high degree, so that the refractive index of the disjKMse jibioe 
is practically identical with that of the medium, and so that only 
when de-solvated to a considerable extent do the particles differ sufli- 
ciently from the medium in refractive index to Ik* micro.scopically 
visible. If the main difference between the original vi.scous solu- 
tion and the de-viscified solution was, following Me Fain’s view of 
the nature of solutions of nitrocellulose, not a large dilTcrence in 
the degree of solvation, but a difference in the extent of coherence 
and ramification of the micelles, there would seem to be no reason 
why, if the disperse phase is visible in the latter solution, it shrndd 
not also be visible in the former. 

The fact that the turbidity-producing precipitate mentioned in the 
penultimate i^iragraph consists of rubber with a large projK^rtioii of 
benzene is direct evidence that the rubber particles in .‘‘olulion are 
highly solvated. It would ap]xtar that the minimum degree of solva- 
tion necessary to maintain rubber in colloidal solution in benzene is 
of the order of 1000 per cent. In the original, vi.scous solution the 
degree must be very much higher than this. 

In the case of most organophile colloids it is not so easy a.^; in 
the case of rubber to .secure a reasonably exact idea of the magnitude 
of the solvation in good swelling agents by direct measurements of 
the imbibition by pieces of the solid immersed in the liquid, owing 
to the fact that the swollen colloid has such little mechanical strength 
that diffusion from the surface begins or disruption occurs long be- 
fore the piece as a whole has imbibed as much liquid as that corre- 
sponding to the weight of colloid which the piece represents. Never- 
theless, direct swelling cx|)criments with acetocellulose made by 
Knoevenagel and Bregenzer show that this colloid is capable of 

^Kolhidckem. Beikefte, 13, 262 (1621). 
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imbibing comparatively large amounts of suitable liquids. For ex- 
ample, they found that when placed in a mixture of nitrobenzene 
and alcohol (8:2) a chloroform-soluble acetocellulose imbibed 592.6 
I^er cent when in him form and 818 per cent when in powder form. 

Jt was found by the authors just mentioned that liquids which 
produced greater swelling prior to disi)ersion gave more viscous solu- 
tions than liquids which produced smaller swelling. The well-known 
fact that the inhuence of Il-ion concentration on the imbibition of 
water by gelatin and on the viscosity of solutions of gelatin run ap- 
pro.ximately i)arallel may also be noted as indicating that solvation plays 
an im|)ortant role in the viscosity of sols of lyophilic colloids. 

Elasticity. 

An understanding of the cause or causes of elasticity in lyophilic 
colloids would be of great value, especially in the case of rubber — 
the elastic colloid par excellence. There is a general apprehension 
that elasticity in organic materials necessarily connotes a two-phase 
(solid-liquid) system. Poole, from his recent illuminating investiga- 
tions of the elasticity of gelatin jellies and of cellulose acetate 
jellies concludes that these jellies are two-phase systems. Such 
jellies, however, formed by first dissolving a colloid and then cooling 
the solution, are n(»t necessarily strictly comparable with either raw or 
vulcanized rubber, 'fhey do not approach rubber in their degree of 
elasticity. ( I here use tlic term elasticity, not merely as denoting 
the magnitude of Young’s modulus, but in the fuller, albeit more 
popular, sense of connoting the capability of being deformed by com- 
paratively small stresses |/.c., small compared, ej;., with the stresses 
required to deform metals] and of recovering quickly and practically 
completely from deformation when the stress is removed, “(iood” 
elastic proi)erties in this usage imply, not merely or necessarily a 
high Young’s modulus, but rather a combination of high extensibility 
and high ultimate tensile strength, such as, e.g,, is found in rubber in 
its optimum state of vulcanization. A cellulose acetate jelly may 
have a modulus of elasticity as high as that of vulcanized rubber 
strained to the same extent. Its elastic properties are, however, vastly 
iitferior to those of rubber, because it is not so extensible. Thus 
Poole found a 20 per cent jelly of cellulose acetate in benzyl alcohol 
to have a modulus of 4.2 kg./c-m.^ at 56 per cent breaking elongation. 
This is of the same order as the modulus of a pure gum vulcanized 
rubber at the same elongation. The rubber could, however, be 
stretched, say, 800 per cent before it broke, and its ultimate tensile 
strength might be, say, 300 kg./cm.^) 

Trans. Farad Soc , 21, 114 (192.'>). 

•• Trans. Farad. Soc., Mar,, 1926. 

^ Trans. Farad. Soc,, Mar., 1926, 
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Raw rubber, even when entirely free from the resin and protein 
which naturally accompany it, is still highly elastic. It certainly contains 
no free liquid phase. And it seems to me doubtful whether it can ho 
considered as a two- phase system in the ordinary sense of the term. 
If different phases are in fact present, it would api)car that the less 
rigid phase or phases can only he a part of the hydrocarhiui less 
highly polymerized than the rest. And the chemical and physical 
properties of this less highly polymerized part must he s(j similar 
to those of the more highly jiolymerized part that the two parts 
must he associated so closely, the higher jKilymer being, as it were, 
solvated by the lower, that they do not represent two separate phases 
in the ordinary sense of the term. 

In this connection some observations made with meta-styrene seem 
to be illuminating. Meta-styrene is a hard solid. In massive pieces 
or films it is clear; as precipitated, white. It shows no evidence of 
the possession of elastic projK'rties : the films are brittle, and the 
powder friable. Yet it accjuires elastic proixMties when swollen. If 
it is precit)itated, c.g., by acetone or alcohol, from a solution in, c.g., 
xylene, benzene, or chloroform, the fre.di precipitate is strikingly 
elastic; it is reminiscent of raw rubber; it is even more extensible than 
raw rubber, and it recovers from extension with a “snap.’' If the 
precipitated material is allowed to stand in the air, it gradually loses 
its extensibility, and when all the solvent has evaporated the re- 
maining meta-styrene is white and friable. That is to say: while 
in a swollen condition, meta-styrene is elastic; when unsvvollen, it 
is hard and brittle. .\ ])ernianently elastic material can be obtained 
by incorporating with meta-styrene a non-volatile swelling agent, e.g., 
tricresyl phosphate or isoamyl phthalate. y\s showing that a swollen 
condition is necessary for the api)earance of elasticity in meta-styrene, 
it may be mentioned that an incxtensible material is obtained if, in- 
stead of a swelling agent, a non-volatile li(|uid without swelling prop- 
erties is incorporated with meta-styrene. Such a liquid is cyclo- 
hexanol or high-boiling j)araffin ic.g., “Glycoline”). Tloth these liquids 
are so .completely lacking in swelling jxiwer for meta-styrene that they 
will precipitate it from solution. And if they are incorporated with 
meta-styrene, the product is inela.stic. 

Here then is a case of a rigid organoi)hilic colloid which can be 
rendered elastic, not by causing it to form the solid phase in a solid- 
liquid system (the case of meta-styrene + cyclobexanol ) , but by n^erely 
causing it to swell. In writings on the two-phase nature of elastic 
gels, a solvated solid phase has been regarded as a single phase, free 
liquid being the other phase. “Elastified" meta-styrene is then, in 
this accepted sense, a one-phase material.®^ 

“Prof. R. O. Herzog ha^ kindly undertaken to subject "elastificd" meta-styrene to X-ray 
examination. 
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It would seem that, although elastic jellies, such as those from 
gelatin and cellulose acetate, may be two-phase systems, elastic col- 
loids such as rubber and “elastified’' meta-styrene, which are dis- 
tinguished from elastic materials of the first class by their much greater 
elastic extensibility, are not two-phase systems, at all events in the 
.•■ame sense. 

The so-called plasticizers often used along with cellulose e.sters, 
with such objects as reducing brittleness and increasing flexibility, 
arc probably “elastifiers,” using this term in the sense indicated above 
in connection with meta-styrene; that is to say, they arc non-volatile 
swelling agents used to improve the extensibility of the esters.'*® 

Another elastic ct)lloid to which reference may be made in this 
connection is the gel obtained by heating a drying oil with sulfur.®''* 
A li([uid, which consists of untx)lymerizcd or in.sufficiently-polymerizcd 
sulfiirized oil. and which might be regarded as a free licpiid phase, 
can be removed from .such gels (by, c.g., extraction with acetone) 
without rendering the colloid inela.^tic. The remaining, elastic material 
is probably not a solid-li((uid .system but a single ]>hase system in 
the alK)ve sense. It probably consists of a number of glycerides to 
which .sulfur has been added and which have subsequently undergone 
polymerization. ( 'Fhe sulfiirized oil gels i>ossess little or no exten- 
sibility. This is probably due to a lack of coherency in the structure, 
which causes tearing to start as .soon as .stress is api)lied. Compres- 
sion tests, however, show them to ixCs.sess considerable elasticity.) 

Another phenomenon the further investigation of which may ilso 
throw light on the cau.se of elasticity in colloids may be mentioned, 
viz., the influence of change of temperature in causing the appearance 
or disappearance of elastic proj>erties. Certain colloids, although rigid 
and brittle at room tem|KTature. if heated acquire elastic properties, 
which they lo.se again if cooled. h"xamples of .such colloids are meta- 
.‘■tyrene, caoutchouc hydrochloride,'®^ and certain synthetic caoutchoucs 
mentioned liy Ostromislenski,®” 

Among other ])henoniena which a complete theory of the nature 
of elastic colloids, es])ecially of rubber, should explain are (a) creep 
and elastic after-effect, (/?) the Joule effect, (c) the manner in which 
^Tung’s modulus chatiges as the material is strained i.e., the shape of 
the stre.ss-strain curve, (d) the high hystersis. Poole, who con- 
cludes from his investigations of cellulose acetate jellies that such 
jellies consist of a solid phase of solvated fibrils together with a liquid 
phase, refers to “reversible solvation” in his explanation of creep 

•»C/. Gardner and Parks, U S Faint Manfrs. Assoc. Ctre. 234, 260 (1925), quoted 
Ann. Reps. Frog. Appd. Chem . 10. 370 (1925). 

"Whitby and Chatavay, /. Soc. Cheni. Ivd., 46, 115T (1926). 

^ Cf. Whitby and Jane, Trans Roy. Soc. Canada, 20, 130 (1926). 

"J. Russ. Phys. Otrm. Soc.. 47. 1374 (1916). 

" Trans, Farad. Soc., Mar., 1026. 
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and elastic after-effect. It is difficult to believe that reversible solva- 
tion can explain creep and elastic after-effect in highly extensible elastic 
colloids such as rubber and “elastified” meta-styrene, in which, we have 
seen reason to believe, a liquid phase is lacking. Inirthcr, it seems 
improbable that mere stretching, even if repeated, will produce any 
de-solvation in the case of such colloids, as otherwise it might be ex- 
pected that stretching a piece of vulcanized rubber which had lK‘en 
swollen to a certain extent would produce syneresis. No such synercsis 
is observable. It seems more likely that the explanation of creep, 
elastic after-effect, recovery from sul)-permanent set, and the Joule 
effect in rubber is to be sought, not in reversible solvation, but in 
orientation of the micelles. In this connection the observation of Katz 
that rubber shows an X-ray diffraction pattern when stretched is 
suggestive. 

McGill University, 

Montreal, Canada. 

« Katz and Bing, Z. angew Chcni , 38. 439 (1925); Katz. Kolloid Z., 86. 300 (1026). 



COLL(JJDAL PRO]‘KRTJES OF THE SURFACE OF TPIE 
LIVING CELL 


Rv J. F. McClendon 

It was shown by Mauritz Traubc' that colloidal membranes may 
be formed l)y the interaction at the zone of contact of two mutually 
precipitating solutions; for instance a solution of copj^er sulfate and 
one of ])Otassium ferrocyanide formitig a colloidal membrane of copi)er 
ferrocyanide. Such membranes have been extensively studied by 
H. N. Morse at Johns Hopkins University, who used them as semi- 
[Kirmeable membranes in the measurement of the osmotic pressure of 
sugar solutions. Morse showed that when the membrane lost its col- 
loidal structure its semi-permeability was lost, b'or instance, if the 
membrane was treated with a solution of jxjtassium chloride it lost 
its semi-permcabihty to sugar, and on microscopic examination, small 
crystals of copixa' ferrocyanide could be observed in tbe membrane; 
in other words, when it changes from a colloidal to a crystalline 
structure, or i>erhaps when the size of the crystals exceed the colloidal 
dimensions, semi-permeabilit> is lost. Many other colloidal membranes 
have been used; for inst.mce, Eascucci* made colloidal- membranes 
out of lecithin and cholesterol sup|X)rted by silk. He showed that 
the jiermeability dej^nded on chemical composition and that these 
membranes showed a certain similarity to the membranes on the sur- 
face of red blood cells. Since Li of the ghost of the red blood cell, 
that is, the part that remains after the diffusing out of the hemoglobin 
and salts, is lecithin plus cholesterol and the ratio of lecithin to choles- 
terol varies in different animals, and that the stability of the plasma 
membrane in blood cells of these animals is related to the stability of the 
artilicial membrane with the same ratio of lecithin to cholesterol, the 
analogy is very suggestive. D. T. MacDougal has for a number of 
years been studying colloidal membranes and their relation to the growth 
of plants. 

It seems certain that the surface of the living cell is of a colloidal 
nature. Viewed with the ultra-microscope, the surface of a red blood 
cell, for instance, apiK'ars a^ a polished mirror, whereas the interior 
of the cell is optically void unless it has been injured. It doesn’t 

^ Arch. Allot Physiol, 87, 609 (1867) 

• Bcitr. chem. Physiol u Pathol., 0 , 543 (1905). 

^ Proc. Am. Phil. Soc, 62, 1 (1923). 
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seem possible to study the membrane by means of the ultra-micrt)sco|H\ 
Some side-light on its chemical nature might be gotten from taking a 
large mass of well washed cells and dissolving olT a very small amount 
of this membrane material and analyzing it. li. liansteen Cranner * 
has attempted to do this with plant cells. As is well known, the 
membrane on the surface of plant cells is in two layers, one the so- 
called cell wall and another layer, the plasma membrane, just beneath 
the cell wall, which can be |nished away by the osmotic pressure of 
substances that can jM^netratc the cell wall but not the plasma mem- 
brane. Cranner was able to dissolve out phytosterols and jx'ctins by 
means of distilled water. Apparently he supposes that these substances 
form not only the plasma membrane but also extend through holes 
in the cellulose cell wall. He supposes the plasma membrane to be a 
mosaic of phytosterol and \)ecUn. Pectin probably enters quite gen- 
erally in the surface composition of cells and the insolubility of its 
calcium salt probably helps to keep it in place, llerbst showed that 
removing calcium from the medium caused cells to fall apart and it 

w'ould seem possible that something like calcium jxictate or a similar 

compound is necessary for sticking them together and hence enters 

into the surface comix)sition. The imix)rtance of pectins in plants 

is shown by the presence of three so-called pectic enzymes in plants 

(2 concerned with so\< >gel change and 1 with hydrolysis). V. II. 

Scott® showed that protein could be washed away from red blood 
corpuscles by means of isototiic Ringer’s solution. It is not clear 
whether this protein enters into the comixisition of the semi-ix;rmcable 
layer at the surface or not. Lepeschkin ^ and Ruhland " and many 
others have studied the colloidal proixirties of the so-called plasma 
membrane or semi-jxjrmeable surface layer of the living cell. It is 
well known that Overton inve.^^ligated the permeability of this layer. 
He studied roughly the rate of ix^netration of over live hundred car- 
bon compounds and many other sub.stances. From a modern view]xjint 
his results may be summed up as indicating that the cell is impermeable 
to polar compounds. In regard to non-ix)lar comi^ounds, if one weakly 
lX)lar group such as the hydroxyl is present, the compound may enter 
the cell without difficulty. In general, the rate of entrance seems 
to be proportional to the ratio of the number of non-polar groups 
to the polar groups. Overton’s work has Ix^en corrected as to detail 
and extended by numerous investigators. It was attempted to measure 
the penetration of substances by putting cells in solutions of these 
substances and taking the cells out and analyzing them.^* This method 


‘Meldingcr Norges Landbrukscikole (Kristiaiua) 11 (1922). 

• Herbst, Arch. Entxvicklunsmech., 17, 440 (1904). • 

•/. Physiol., 60, 128 (1915). 

'KolUnd-Z., 13, 182 (1913). 

• Ber doutsch, bot. Gcs., 31, 804 (1913). i. • j 

•M^lendon, Am. J. Physiol. 27, 266 (1910); also many author* using dyes. 
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was made somewhat uncertain by th^ possibility of adsorption. Another 
method was used by Wodehouse who found a single cell of the sea- 
weed Valonia, with a large vacuole, containing up to 5 cc. of cell sap. 
Analysis of the contents of this vacuole showed it to differ considerably 
from the sea water in composition. In a similar fresh water plant, 
Nitella, Iloagland, and Davis “ showed that this cell could concen- 
trate the ions of pond water from 10 to 870 times, and since the 
ratio of the concentration of cations on the outside of those on the 
inside varied for each cation, it is difficult to explain such a relation 
on the basis of a Donnan effect. Many observations have been made 
on the exostnosis of electrolytes from cells. It was shown by the 
writer that the eggs of certain fresh water and brackish water fish 
when developing in distilled water do not lose any of their salts to 
the water, but they lose salts to unbalanced salt solutions or solutions 
of toxic substances. Gray showed that the egg of the trout does 
not lose electrolytes to the water in which it is developing unless it is 
injured or dies in which case the outward diffusion of electrolytes 
causes the globulins of the eggs to precipitate. When this eggs is 
placed in solution of electrolytes, this globulin dissolves. 

Perhaps the red blood corpuscle is the animal cell that has been 
mostly studied. The older analyses of Abderhalden and of Schmidt 
and numerous recent analyses have shown that there is about seven 
times as much sodium in the plasma as in the corpuscle. There is 
about twenty times as much potassium in the corpuscle as in the 
plasma and there is about twice as much chlorine in the plasma as 
in the corpuscle, but this value is quite variable owing to the rapidity 
of the chloride shift. In 1867 Zuntz showed that the titratable alkali 
of the senim increased when C'( ).> was passed into defibrinated blood. 
In 1874 it was further shown that when Ct )_. pas.ses into defibrinated 
blood the chloride ion of the serum passes into the corpuscles. The 
osmotic pressure of the corpuscles is increased and it swells. In 1897 
Koppe proj)osed an ionic exchange theory which was later modelled 
by Spiro and Henderson. The question was taken up recently by 
Warburg, Henderson, \'an Slyke and their collaborators. The chloride 
shift is definitely established. (The author has evidence for the chloride 
shift in other cells.) In other words, the corpuscle is permeable to 
Cl ions but not to K or Na ions. But this does not give us any idea 
of the rate of the passage of ions through the plasma membrane. 

For further consideration of permeability the reader is referred 
to Jacobs and Lillie.^® 

«/. Btol. Chetn., 29. 453 0917). 

G&n. PhystoL. 5, 629 (1923). 

‘•McClendon, Am J Phyriot., 29, 290 (1912); 38, 173 (191,5). 

‘•7. Physiol., 63, 308, 322 (1920). 

“Sec. Ill of Cowdry, “(rt-neral Cytology,’' U. of Chicago Press, 1924. 

“Lillie, R. S., “Protoplasmic Action and Nervous Action,” U. of Chicago Press, 1928. 
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It appeared to tlie writer that the electric conductivity method 
should be adaptive to the determination of the rate of the passage 
of ions. G. N. Stewart showed that the corpuscles acted as insula- 
tors. Similar observations were made by the writer on sea urchin 
eggs, and it was further observed that the electric conductivity of the 
eggs was increased when fertilized or stimulated to develop by treat- 
ment with acetic acid. In this case the acetic acid or excess sjxir- 
matozoa were washed off wdth sea water and the egg mass precipitated 
down to the original volume and brought back to original temperature 
on making further determinations of conductivity. Similar results 
were obtained on striated muscle.^® lly means of an analytical method 
it was shown theoretically that the change in the sbaj^e of the muscle 
fibers would not make a difference in the electric conductivity if the 
proi^er precautions were used. 

The physiologist is in the position of an arbitrator between the ob- 
servations made from a chemical and physical stantlix)int on the mate- 
rial he uses and observations on the function of these materials which 
in the minds of different |K‘opIe might lead to discordant ideas. We 
have on the one hand the colloidal cell surface or jdasma membrane ; 
on the other hand we have tlic cell as a spatial individual and sometimes 
as an irritable element. The continued separate existence and the re- 
sponse to stimulation are associated according to the above observations 
with the colloidal ])ro|>erties and some colloidal change in the plasma 
membrane. The theoretical signiiicance of such a relation was elabo- 
rated by R. S. Lillie.*^ On the basis of these electric conductivity ex- 
periments the writer gave two lectures at Woods Hole on this sub- 
ject.^® Osterliout has extended this conductivity method and compiled 
the results in book form.*'^' The writer was not satisfied with the tech- 
nique of these early experiments and has repeatedly returned to this 
work in an attempt to improve them. libber made some early ex- 
l^eriments on the conductivity of blood and muscle using radio- frequency 
dam^xid waves. 

In the use of the alternating current one is not measuring resistance 
alone but what is called by electrical engineers, the inq>edance of the 
circuit. The writer showe(P‘ that in a Wheatstone bridge arrange- 
ment, if a condenser is ])laccd parallel with the standard resistance as 
is often used in producing a sharp null i)oint in the method, and if the 
capacity of this condenser is called the “parallel capacity’' of the con- 


^•Zent. Physiof., 11. 832 (1897). 

McClendon. Science, 32, 12Ji (1910); .'im. J. Physiol 27, 260 
‘•McClendon, ; Physwl , 29. 302 (J912); Biol Bull., 22, 138 (1912). 

Bull, 17, 188 (1909). 

McClendon, Biot Bull., 22, 133, 155 (1912). ... 

»* Osterhout, “Injury, Recovery, and Death m Relation of Conductivity and rcmie 

ability,” Lippincott (1922). 

** Arch, qes Physwl., 133, 237 (1910); “Physikalnjche ( hciiiie dcr ZcIIe und Gewebe, 
5th Ed., Leipzig (1922). , ^ 

*• McClendon, Set. Proc. xiv., /. Biol. Chem., 41, 66 (19-u>. 
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(ludivity cell nnd material it contained, the parallel capacity of the 
condudivitv cell filled with blood was greater than that when filled 
with distilled writer and values of the parallel capacity were given in 
microfarads. Such measurements have been greatly extended by Hugo 
Fricke It was shown by the writer that the use of such a parallel 
capacity when the various properties of the circuit including the con- 
ductivity vessel were unknown might lead to errors. It was therefor 
advocated to obtain a sharp null point by placing a variable inductance 
in series with the conductivity vessel. 

Duritig the last six years, the Wheatstone bridge and other appara- 
tus used in these measurements have l)een completely rebuilt five times. 
All the improvements were not possible to apply at the beginning owing 
to the fact that some of them had to wait on improvements in radio 
engineering and a supply of parts on the market. We did not make 
our own electron tubes and found difficulty in obtaining proper ones 
at first. The apparatus as now in-ed consists of an oscillator the fre- 
quency of which can be varied from 260 to 10,000,000 cycles per second 
and Wheatstone bridge for high and low frequencies. In the simplified 
Wheatstone bridge the detector circuit is connected by means of a 
toroidal transformer, a grid coupled circuit, an electron tube detector 
circuit and heterodyne oscillator, and the beat note is amplified by a 
two-stage amplifier and heard in a telephone. The greatest recent 
improvements in the apparatus have been in the complete shielding, 
universal use of toroidal inductances and the comjxict form of the 
constant tenqierature regulation. Every section of the apparatus is 
placed in a co[)per box. All these copi>er boxes are grounded. The 
distributed capacity losses are minimized by having the boxes large 
and the apparatus separated by considerable distance from the walls 
of the box. The apparatus used to maintain con.stant temixrature is 
in the same copper box (covered with 2 inch felt) with the conductivity 
cell but at the moment of making a determination all parts of this 
ai)paratus arc grounded by turning a multiple jxjle double throw switch. 
Besides the measurements with this apparatus, numerous measurements 
have been made by means of direct current."’® The determination of 
ratio of the volume of the corpuscles to that of the serum was deter- 
mined by means of a hematocrit directly connected to a Dumore motor 
rotating at 20,(XX) re\olutions a minute inside a vacuum chamber. Some 
determinations were made on corpuscles without any serum whatever 
between them. An analysis of the results showed that such a mass of 
corpuscles behaved as a series j)arallel circuit with an average total 
impedance of 880 ohms and a reactance such that an inductance of an 
average of 0.80 millihenry had to be placed in series with it in order 

Physiol. Rev., 26, 682 (1925). 

•• McClendon, /. Biol. Chem., 42. 817 (1920). 

••McClendon, J. Btol. Chem., 68, 663 (1926). 



COLLOIDAL PROPERTIES 


22S 

to produce rcscniance. A model of a similar circuit may he made as 
follows: the two plates of a condenser of 1500 micro-microfarads are 
short circuited hy means of a i>arallel resistance of 0/5 ohms and in 
series with the condenser is placed a resistance of 200 ohms. The total 
impedance of this circuit at 1000 cycles ])cr second is 874.3 ohms and 
the inductance which must he placed in series with it is 0.68 inilli- 
henry. The condenser represents the ca])acity of the plasma mein- 
hrane, Figure 1. The resistance of 6/5 ohms represents the resistance 
of the plasma membraiie ; that is to say, the plasma memhrane behaves 
as a leaky condenser. The resistance of 200 ohms repre.sents the re- 
sistance of the interior of the blood corpuscle. In other words, the 
resistance of the plasma memhrane is three times as great as the re- 
sistance of half the cell interior. (Half is used because there are two 
plasma membranes, one at entrance and one at e.\it t>f the current, 
and we may consider half the cell as one plasma memhrane and half 
the cell interior.) Since tlie thickness of the ])Iasma memhrane is very 
small com])ared with the thickness of the cell, the relative speed of an 
ion through it is very small. 


TABLE I 

W’heaisiunk Bkiix.k Mi- Asiiui- Mr.NTs on Ihi-r Blood C.'ells at KXX) 
('y( I Es I’hR Sfiond 


Z c Z (cclF } 


Z (cells ) 

Z ( serum) 

Z s 

Z (laked) 

Z (laked) 

/. (cells) 

708 2 

70.3 

10 1 

— 



0.54 

7142 

(>2.4 

11 5 

174.41) C. 

4.10 

0.57 

854 0 

71.8 

11 9 

190.0 Sap 

4.30 

1.07 

892 8 

09.2 

12.9 

212.8 " 

4 20 

0 70 

914.4 

81.5 

11.2 

219.1 “ 

4.17 

0.79 

1,002 9 

00.4 

15 1 

202.3 “ 

4.90 

1 19 

1,049.1 

63.7 

10 5 


— 

1.31 

Average 

880.3 

69.3 

12.7 

200.9 

4.36 

0.89 


In the above table the first column gives the sjxicific imiK-dance Z of 
the closely packed cells, the second column the specihe impedance of the 
serum, the third column the imj^edance of tlie cells taking the imjxidance 
of the scrum as unity. In the fourth column is given the stxicific 
im])edaiice of the same mass of cells that have been laked or hemolyzed 
(that have had the plasma membrane destroyed) ; in the fifth column 
the impedance of the normal cells on the basis of the imt)edance of the 
hemolyzed cells taken as unity, and in the sixth column, inductance 
that must be placed in series with the conductivity vessel for resonance. 
vSome of the cells (D. C.) were laked by passing direct current of 110 
volts through them for twenty minutes, reversing the direction of the 
current every minute. After the experiment was over, the laked mass 
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was mixed with serum and observed under the microscope. Laking 
was not complete, as cell fragments could be observed. In the other 
cases (Sap.) the cells were hiked with saix)nin. Micro.scopic examina- 
tion later showed hemolysis to be complete. The resistance, however, 
was as low after laking with direct current as after laking with saponin. 
The imi)edance of the intact cells was found to be four to five times 



Fig. 1. 


as great as that of the hemolyzed cells. Tf we may assume that the 
imi>edance of the hemolyzeJ cell is the same as the resistance of the 
cell interior of the intact cell, then at least three-fourths of the im- 
pedance is due to the plasma membrane. 


/ 

c 

TABLE II 

Rx 

Rx 

z 

L 

500 

1,500 MMf. 

675 

200 

874.5 

0.68 

1,000 

** 


“ 

874.3 

0.68 

1,000,000 


“ 

(4 

216.3 

0.0165 


The above table shows values obtained on a model of the cell as shown 
in Figure 1. The im|;edance due to the plasma membrane is almost as 
great as the resistance of the plasma membrane ; thus the total im- 
pedance is 874.3 ohms at 1000 cycles per second. This model is made 
up of the resistance of the cell interior which is 200 olutis and the 
impedance of the plasma membrane which would be 874 minus 200 
ohms or 674 whereas the resistance of the plasma membrane is 675 
ohms, a difference of le's than one-sixth of one per cent between 
impedance and resistance of parallel circuit. We may conclude, there- 
fore, that the electric current carried by the Cl ions passing through 
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the plasma membrane is less than one-third as great as the electric 
current carried by the ions in the cell interior in their diffusion inside 
the cell. If serum is added to blood corpuscles, ^ay we have a mixture 
as in blood, another parallel circuit, the resistance represented by the 
serum, is introduced into the system. The less the resistance of the 
serum, the less the imixjdance of the total circuit and the less the ratio 
of the imj^edance of blood to that of serum as represented in Table IF. 

TABLE III 

Specific Values of iMPEOANtE of Rh:EF Blood at 25® 


Cell Volume 

/= 1000 

/ 1,000,000 

^ 1,000 

Per Cent 

Zu/Zs 

Zh/Zr 

Z 1.000,000 

96.8 

. 25.0 

6.3 

4.0 

96.6 

19.0 

5.7 

3.5 

96.2 

. 17.6 

5.4 

3.3 

95.8 

18.8 

— 

— 

95.2 

16.0 

6.4 

2.5 

94.2 

19.0 

6 7 

2.8 

94.2 

15.0 

5.5 

2.7 

94.2 

13.9 

5 2 

2.7 

94.2 

. 13.7 

5.4 

2.5 

93.9 

. 16.7 

5.4 

3.0 

93.1 

14.0 

— 

— 

93.1 

13.9 

5.5 

2.5 

92.4 

15.5 

5.9 

2.6 

91.8 

16.0 

5.2 

3.0 

91.0 

no 

5.3 

2.2 

90.8 

12 7 

5.2 

2.4 

90.4 

11.0 

5.0 

2.2 

87.6 

10.1 

5.0 

2.0 

86.5 

9.7 

50 

1.9 

77.1 

5.8 

4.0 

1.5 

76.4 

6 5 

42 

1.3 

72.1 

47 

36 

1.3 

67.3 

3.9 

3.0 

1.3 

65.4 

4.0 

3.2 

1.25 

65.1 

38 

.1.1 

1.23 

64,9 

40 

3.2 

1.25 

61.1 

3.3 

2.8 

1.18 

55.7 

3 1 

3.0 

1.03 

42.3 

2.0 

2.0 

l.OO 

42.2 

2.1 

1.95 

1.08 

41.5 

2,0 

1.90 

1.05 

39.6 

2.1 

1.92 

1.10 

37.3 

19 

1.87 

1.01 

24.6 

1.3 

— 

— 

22.0 

1.4 

1.40 

1.00 

19.7 

1.45 

1.45 

l.(K) 

19.0 

1.4 

1.40 

1.00 


In Table III it is shown that the ratio of the imi)edance of blood at a 
thousand cycles to that at a million cycles increases at first slowly as 
the cell volume rises alx)ve 25 per cent, and increa.ses very rapidly as 
the cell volume rises above 95 per cent. At 96.8 i^er cent cell volume 
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the impcflancx* is four tini(‘s as ^rcat at a thousand cycles as it is at a 
million cycles. I ’n fortunately, we did not make any very accurate 
determinations at a million cycles of the impedance of a mass of pure 
corpuscles. lutrllicrmore, as shown by comparison of Table III with 
Table I, the inii)edance of the pure mass of cells on the basis of serum 

as unity lower than that of the blood with 96.8 per cent cell 

volume. 'Phis is i>robably due mainly to the injury of the cells in pack- 
ing them down in such close proximity. It is not due entirely to tem- 
perature difference as the temperature in Table I was close to 25° and 
that in Table III was kept constant at 25° +0.1°. 

Assuming beef corpuscles are 0.0048 mm. in diameter and 0.002 
mm. in thickness, and with random arrangement, asmming an average 
diameter of 0.(X)3 mm., there would Ik* about 3,000 corpuscle layers in 
a centimeter cube from top to bottom, or about 6,000 plasma membrane 
layers. Since the value of the specific capacity shown in Figure 1 is 
1500 MMf. (micro-microfarads), the \alue for one layer would be 
6,(XX) times 1,500 which equals 9,000,000 MMf. In other words, the 
cajXicity of a plasma membrane 1 cm. square would be 9,000,000 MMf. 
.\ssuming a dielectiic constant of 3 which i‘- about the same as that 
of beeswax or cotton-seed oil, tbe thickness of the plasma membrane 
would be ap|)roxtmately 3 times 10 cm. which would be about 2 to 3 
carbon atoms in thickiie-s. Since the plasma membrane is probably im- 
pregnated W'ith some water, its dielectric constant is probably greater 
than this, and if greater, it would be thicker, hricke, on the a'-sumption 
of a dielectric constant of 3, but obtaining a smaller value of the capacity, 
arrived at a value of 20 to 30 carbon atoms thick for the plasma mem- 
hraue. \\c may conclude, (hert^fore, that the plasma membrane is 
probably of molecular thickness. It is colloidal in the sense of being 
made of substances which are colloidal in solution and it is colloidal 
in the s<mse of having an extended surface for a small volume. It is 
probably not a smooth membrane but one made of molecules which 
are much branched, 'i'he membrane t)rohahly contains pores in between 
the branches of the molecules, d'he memhraue .substance probably has 
a specific resistance of 10^ or about as great as serpentine. Owing to 
the fact that the membrane is of molecular thickness diffusion of CF to 
equilibrium should take place rapidly and the difference in concentration 
between plasma and cor])Usclc is probably due to a Donnan effect. 

From the conductivity measurements on laked blood, we may con- 
clude that tbe coiqni.scle interior i.'% about three times as resistant as 
the senim and therefore with e(|ual mobilities of the ions the total ion 
concentration in the corpuscle might be considered only one-third the 
value of the serum. However, the corpuscle interior is very high 
in protein content, there being a higher hemoglobin concentration than 
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in a hemoglobin crystal, and this high j)rotcin content might cut down 
the speed of ions considcrabl) . It tlierefore seems probable that the 
ionization in the corjmscle- is greater than one-third the value in the 
serum. 

The imix^dance of the intact corpuscle to a current of a million 
cycles per second seems to be twice as great as the resistance of the 
lakecl corpuscle. Since the corpuscles were laked without the addition 
of any water, there was no dilution of the proteins to account for an 
increase in conductivity. Jt is possible that a million cycles ])er second 
is not high enough frequency to reduce the inq)edance of the plasma 
membrane to a negligilde value. We are working with higher fre- 
quencies but are not ready to report on any of these e.\periments. 

In conclusion, these results sup^xn't the contention of a colloidal 
semi-])ermeable membrane on the cell .surface. 1 his membrane is not 
semi-permeable to all substances. It has appreciable electric con 
ductivity which may be accounted for by ]K*rmeability to chlorine ions. 
These results are comj)atible with the \iews ex])res.sed by Warburg,*^ 
Van Slyke '"*^ and ilenderson,"’’ by whom it is assumed that the plasma 
membrane of the red blood cell is impermeable to potas'^ium and sodium 
ions but jx;rmeable to Cl and IICO.^ ions, d'bc Cl ion concentration 
according to Henderson, is about .75 as great in the corpuscle as in the 
strum. The same would be true of the IIC ( ion concentration if 
we neglect the effect of the ditTerence in i)otential between the inside 
and outside of plasma membrane. T am not sure whether we have any 
data whatever indicating the ionization of potassium inside the corpusc’le. 
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THE FUNCTIOX OE CARBON MEMP.RANES IN OSMOSIS 
J>Y IC Bariku. and H. J. Ostkkiiof 


A Hihject c(jiux*rning which there has been considerable disagree- 
mcMit and diversity of opinion is i)resentcd in the problem of the func- 
tion of the membrane in the process of osmosis. One of the chief rea- 
sons for the disagreement is that the dififerent theories proposed have 
been based uiH)n (juite different types of experimental results. 

Most of the outstanding theories have been based uix)n results ob- 
tained with truly semi-ixnineable niemhranes, i.e., membranes which 
will permit the passage of solvent but not of solute. It has been proven 
exixTimentally that when a truly semi-ix?rmeahle membrane (such as 
cot)i)cr ferrocyanide in its relation to aqueous sugar solution and pure 
water) is used the magnitude of the pressure which is built up between 
the two sides of the membrane is determined by the properties of the 
solution and the solvent, that insofar as the magnitude of pressure is 
concerned, the function of the membrane need not be considered. It 
is admissible to state that s-uch osmosis and resulting osmotic pressure 
is due to the difference in thermodynamic potential of pure solvent and 
solution. I'he pressure measured represents a tendency toward equali- 
zation of the thermodynamic potential. In order to define the thermo- 
dynamic environment of the solvent in the different parts of the liquid 
system, and in order to measure its escaping tendency, such factors as 
vapor pressures, surface tension, sinxific volume, heats of solution, 
etc., must be considered. Valuable as the thermodynamic theory of 
solutions has proven to be, it ha\ however, given us practically no 
information as to the actual mechani.sm of osmosis. Further, with our 
present limited knowledge of the properties of solutions, it can aid us 
practically not at all in pretheting the osmotic force which may be 
expected in systems with membranes which are not truly semii^ermeable 
and with which we have capillary effect.^ of unknown but considerable 
magnitudes. It is well known that osmotic flow can be obtained 
through membranes which are far from being strictly semi-permeable. 
In such systems fairly great osmotic forces are set up, and pressures 
of considerable magnitude are obtained, though “maximum osmotic 
pressure” values are never reached. In some cases we find that the 
oj^eration of the osmotic force (and at least the initial direction of 
flow of liquid) is, In fact, opposite to that which apparently is demanded 
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by the thetroodynamic potential of the liquid system. In such cases 
the membrane must surely play an active i>art. It is, then, not surpris- 
ing that osmotic theories based up(')n experimental results obtained 
with such systems as these should be different from those theories which 
have been obtained from systems having truly semi-i^ermeable 
membranes. 

In the one case we are dealing with osmotic effects arising from a 
process in which equilibrium conditions can be obtained. A system of 
this type is obviously capable of thermodynamic treatment. In the 
other case, we are dealing with a process in which (owing to diffusion 
through the membrane) equilibrium conditions are not obtained. 
Capillary forces influence the magnitude of the measured pressures, 
and the customary thermodynamic reasoning cannot be applied. 


Semi-permeability : 


Before we can determine definitely the function of an osmotic 
membrane we must first study the nature of semi-permeability. Many 
theories have been offered to account for the mechanism of semi'[)er- 
meability. According to Traul>e ^ a scmi-permeal>le membrane func- 
tions as an “atomic sieve,” iiermitling solvent molecules to pjiss while 
restraining solute molecules, \ arious theories such as the kinetic 
theory find this view sufficient. Likewise, from the standpoint of 
thermodynamic treatment no further concept is necessary. Sup|K)rters 
of the so-called solution theory, L’llermite,'' ( )verton,'‘ and others have 
held that a strictly semi-i^ermeable membrane is one iiermeablc only 
to substances which will dissolve in it. A slight modification of this 
theory, namely, that the i^ermeability of a membrane is due to its 
absorptive or adsorptive power for different substances lias been sup- 
ported by Liebig, Nernst,® Kahlenberg,® Flusin ^ and others. 

Armstrong* has gone still further and has postulated chemical inter- 
action between the membrane and the substance diffusing through it. 
The various theories presented range, in fact, from the concept of 
diffusion through capillary pores which serve as molecular filters to 
the concept of intra-molecular penetration or chemical reaction. Both 
1. Traube » and Bigelow have attempted to reconcile these views, the 
latter suggesting that there really is no sharp demarkation between 
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capillary phenomena and the process of solution on the one hand, and 
the process of solution and of chemical reaction on the other; that 
“the phenomena (jf chemical affinity seem to merge, without any abrupt 
change, into capillary phenomena.” This view appears to be justified 
and its acceptance goes far toward harmonizing the results obtained 
by different experimenters, liancroft attempted to harmonize these 
views Dy assuming that “we can have two ty]x;s of scmi-pcrmeable 
membrane, one with a continuous film and the other with a porous one. 
In the case of a continuous film, it is es.sential that the solvent shall 
dissolve hi the membrane and that the solute does not. With a iX)rous 
film we shall have a semi-|)ermeable membrane only in case we have 
strong negative adsorption— adsorption of the solvent and not of the 
solute — and in case the diameter of the pores is so small that the ad- 
sorbed licjiiid fills the pores completely leaving no central channel 
through which the solution can diffuse.” This view, while not radically 
different from the one previously stated insofar as the property of 
semi-permeability is concerned, does make it ])ossible f()r us to obtain 
a somewhat better conce[>t of the mechanism of the osmotic process. 
According to this view, a given osmotic membrane might function as a 
semi-jxirrneable membrane in one system and not so function in an- 
(tther system, the semi-jx'rmeability depending uixin the degree of selec- 
tive adsorption by the membrane of the components of the liquid 
system, 'finker has made a study of “semi-permeable” copix^r ferro- 
evanide membranes and has concluded that pores of measurable diam- 
eters do exist. 

Work of Other Investigators: 

Many investigators have worked with osmotic systems in which 
two liquids such as alcohol (ethyl or propyl) and water have been 
used. The results obtained have been so inconsistent that they have 
led to a diver.sity of conclu.sions. 

Pickering^” describing the experiments in which he used propyl 
alcohol and water with an unglazed porcelain vessel stated that when 
the alcohol and water were put in the semi-permeable vessel and placed 
in water the latter passed inward toward the solution, the vessel ap- 
pearing to be iKTtneable to water but not to the alcohol. When this 
same vessel with its contents was placed in propyl alcohol, the alcohol 
passed inward toward the sidution, the vessel now appearing to be 
permeable to the alcohol. He concluded that “it is the solution and not 

‘‘Colloid Symposium Moiu>Kiaph, 3. 17 (1926), 

«Proc. Roy. Soc., 92. 367 (1916 A). 

24, 3689 (1891); Nature, 86, 224 (1897). 
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either of the substances separately, to which the membrane is imper- 
meable.” He believed this exj^^riment tended to substantiate the 
hydrate theory of osmosis, “the molecules of hydrates being necessarily 
larger than those of their constituents.” Findlay and Short tried 
later to duplicate Pickering's results, but failed. They have ixiinted 
out that the conditions under which they worked might not have been 
the same as tho^e under which IMckering worked. They stated, how- 
ever, that it is difficult to find a theoretical basis for the possibility of 
such results as he obtained. Barlow criticizing the work of Pickering 
states that “the observation of an increase in osmotic pressure after the 
cell had been placed in alcohol is correct, but that it is not due to an 
intlow of the alcohol” (but in reality is due to inHow of water already 
within the cell pores). “Had more time been given to the ex])eriment, 
it would have been found that this increase is not as permanent as 
when the cell is immersed in water. The i>ermanent result is an out How 
from the cell into the alcohol.’' 

Barlow performed an exix'riment in which (nire water within a 
cell was separated from alcohol by a guttaiK'rcha membrane - alcohol 
ilowed inward to the water. In another experiment, alcohol in a cell 
was separated from water by a copper ferrocyanidc membrane. In this 
case water flowed inward to the alcoliol. He concludes from the results 
of his own exj)erin]enls and from the results of others that “the cause 
of the current is the same in each case, namely, the mutual jKitential 
energy of the liciuids ; the direction of current is conditioned by the 
membrane.” He also states: “In any adequate theory of osmotic pres 
sure, the part played by the membrane mu.<'t lie taken into account. 
'Phis necessary part is that the membrane mu^t absorb that liquid which 
in going through forms the osmotic current. Nernst,’^ Flusin,'* 
Kahlenberg,'’* and others ha\e cxi>ressed similar views. Flusin'^'' 
carried out an experiment in which water and alcohol were separated 
by a bladder membrane. The How was from water to alcohol. Kahlen- 
berg separated water and alcobol by rubber ; the flow was from alcohol 
to water. 

The following table gives the tyix^ of osmosis obtained with different 
organic liquids against water. 


Trans. Chem .Voc , 87 (190.5). 

Mag (6). 10. 1 (190.5). , u . . « i . i 

»• Barlow's detailed «'xplanation as to the cause of the initial flow and subsequent reversal 
will not be taken up in this paper, inasmuch as Barlow assumed the existence of a copper 
ferrocyanidc metnbram’ within the walls of the porcebiiii Findlay (loc. cit.) has given us 
the information that I'lcktrmg informed him in a private communication that a porcelain 
cell with no precipitated membrane within it was u-sed 


Loc. cvt. 

^•Compt. rend.. 131, 1308 (1900). 
»7. phys. Chem.. 10, 141 (1906). 
Loc. cit. 

Loe. cit. 
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Liquid No. 1 
Water 

Water 

Water 

Waier 

Water 

Water 


MerTil)rane 

bladder 

rubber 

copper- 

ferrocyanide 

iiickel- 

ferrocyanide 

rul)l)er 

parchment 


l.iquid No. 2 
alcohol 

alcohol 

alcohol 

alcohol 

pyridin 

pyridin 


Direction of 
Flow 




Observer 

Flusin 

Kahlenberg- 

Barlow 

Barlow 

Battelli- 
Steffanini “ 

Kahlenberg 

Kahlenberg 


I’roni the fure^uinj^ experiments a loj^ieal conclusion is that the 
nature of the mcnihrane is larj^ely responsible for the direction of 
osmotic How, that the liquid which is most highly adsorbed by the mem- 
brane (i.e., the liquid which has the higher wetting i)ower for the mem- 
brane or is imbibed to the greater extent) is the litiuid which will pass 
through the membrane giving the osmotic current. 

When two pure licpiids are separated by a semi-pcrmeable or very 
nearly semi-permeable membrane the nature of the membrane does 
undoubtedly determine the direction of flow. Rut when the membrane 
is not strictly senii-[HM'meable, the proj^erties of the liquid system may 
be the deciding factor. I f this view is correct, the permeability or pore 
size of the membrane is an imixirtant factor in deciding the nature 
of osmotic effects. W'e believe, then, that in the study of an osmotic 
system the three factors (1) pnqierties of the liquid system, (2) rela- 
tive adsorption of liquids by the membrane, and (3) pore size, must 
all be considered, the results (d)tained being dependent upon the inter- 
relationship of these three factors. Let us take the following examples: 

(a) In case the membrane be one with exceedingly fine pores and 
in case but one conqxment is adsorbed, the |X)re spaces will be filled 
only with the liquid adsorbed and the flow of this liquid will occur so 
as to satisfy the thermodynamic jxjtential of the liquid system and 
“maximum osmotic pressure” values will be obtained. 

(b) In case the jxire diameter of the membrane is somewhat greater 
than in (a) and not truly semi-jx^rmeable, relative adsorption effects 
will play an imixirtant part and even though the system may consist of 
two miscible liquids the li(|uid within the pore space may be almost 
entirely that liquid which is most highly adsorbed. Under these condi- 
tions, flow through the membrane will tend to be from that liquid which 
is most highly adsorbed. ( )n the other hand, forces resulting from the 
thermodynamic potential of the liquid system might, however, be the 
factors deciding direction of flow. Under these conditions the direction 


«/. d0 Pkys., 6 , 402 ( 1907 ). 
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of liquid flow might not be from that liquid which is most highly 
adsorbed. In this case (h), then, wc may state that osmosis might result, 
an osmotic flow might be noted, j)rossures might he developed and 
measured, but ‘‘maximum osmotic ])ressure” values would not be ob- 
tained. Moreover, neither the magnitude of the pressures developed nor 
even the initial direction of flow of the liquid can be definitely predicted. 

(c) In case the pore diameter of the membrane be so great that 
both components of a binary system can diffuse through with but limited 
restraint, the direction of flow of liquid will be largely dej^endent upon 
the properties of the liquid system and not deix^ndent uixm the nature 
of the membrane. 

It is obvious that when j^ore diameters are too great no osmotic 
effects will be obtained. It has been shown that the ap|:)earance of 
osmose is, to a certain extent at least, de])endent iqx)n the iM)re size 
of the membrane. 

It has been found that oMiiotic effects can be obtained with un- 
glazed ix)rcelain membranes when the tM)res are so clogged with dif- 
ferent materials that the largest pores have diameters not greater than 
aixmt 0.5 micron, l^istinot osmotic effects have been obtained with 
membranes of collodion in which the largest tx)res had diameters as 
great as 1.6 microns. Osmotic flow has been observed with membranes 
of such inert materials as unglazed ])orcelain and compressed gold, 
platinum, carbon, and silica.^'* Such membranes surely had capillary 
spaces through them and it was found that when .such pore spaces have 
a diameter of not more than about 0.5 micron osmotic effects may be 
obtained. With such membranes both components of a binary system 
(i.e., both solute and solvent) can pass through the iK)res. With such 
membrane systems the rate and even the initial direction of osmotic 
flow is dei>endent largely upon the properties of the mem])rane. 

From the foregoing di.scussion, it api>ears one should be able by 
altering the ]K)re diameter of the membrane to alter greatly the nature 
of the osmotic effects. By employing mem1)rancs of a given material, 
and using certain liquids, one should be able to obtain osmotic forces 
operating in one direction with membranes with large pores and then 
osmotic forces operating in the other direction with membranes with fine 
pores. It should be pos<-ible to prepare a membrane of a finely divided 
substance such that when loosely packed it would give an osmotic 
tendency in one direction, while when tightly packed it would give an 
osmotic tendency in the other direction. Such effects have actually 
been obtained in our work. 

“Bigelow and Bartell, /. Amer. Chem. Soc.. 31, 1194 (1900); Bartcll, 7, Phys. Chem., 
15, 669 (1911). 

“Graham, Phil. Trans., 144, 177 (1854); Bigelow and Bartell, loc. cit. 

“Bigelow and Robinson, J. Phys, Chem., 22, 99, 168 (1918). 
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The Present Investigation: 

In the present investigation inenihranes were prei>arecl by compress- 
ing finely divided silica or carbon, substances which are relatively inert 
chemically. Silica prepared by different methods was ground to 350 
mesh or finer. Different kinds of carbon, as sugar charcoal, commercial 
activated chars, and lamp black were used and were found to give 
comparable results. In the experiments described below a good grade 
of lamt) black thoroughly extracted with ether was used. Membranes 
were prejiared by compressing the silica or carbon in cells between 



perforated metal discs by means of an hydraulic press. Pressures in 
different exjieriments ranged from approximately 2500 to 20,0(X) pounds 
per sfjuare inch. With the lower pressures the largest pores i)robably 
had diameters not greater than about 0.5 micron. 

d'he cells were of special design as illustrated in Figure 1. The 
volume of each cell chamber was approximately 25 cc. Temperature ~ 
approximately 25® C. 

The results given in the following table are qualitative rather than 
quantitative but tend to show the direction of osmotic flow. Something 
of the magnitude of the osmotic force will be indicated by the data 
which show the difference in level of the liquid columns of the two 
cells. Inasmuch as qualitative data only was desired at this time no 
attemjit was made to obtain a quantitative relationship of pressures 
developed by the different systems. 
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Results with Silk a Membrane 


Differ- 






ence in 






Liquid 

Compart- 

Liquid in 

Compartment 

Direction 

Time 

Levels 

ment No. I 

'Membrane 

No. II 

of Flow 

Hours 

in Cm. 

Compressed at approx. 10.000 Ihs./sq. in. 




Water 

Water 

Kthyl alcohol 


3 

20 

Water 

Water 

Propvl alcohol 


3 

16 

Water 

Water 

55 "o 


3 

12 

Water 

Water 

35' 'r 

^ 

3 

8 

Water 

Water 

17''. 


3 

5 

Water 

Water 

.'\cetonc 


3 

28 

Water 

Water 

Amyl alcohol 


3 

10 

Water 

Amyl alcohol 

Anul alcohol 


3 

25 

Water 

Water 

Py I id ill 

^ 

3 

10 

Water 

Water 

.Sugar solution VA 

^ 

3 

12 


Results with Carbon Mi-mrkanks 


Differ- 






ence in 






].i(|uid 

Compartment Liquid in 

(‘ompartment 

Direction 

Time 

1 .evcls 

No. I 

Membrane 

No. 11 

of blow 

Hours 

in Cm. 


Pressure of compression — approx. 1(),()()0 11 >s /s(|. in 

1. W A A 

2. W W A 

3. W W 50' < A W' 

4. W 50%A.W 50". \.\V 

5. 50 A. W A A - 

6. SOA.W 50A.W A 

Pressure of conijiression approx. 10,(K)0 Ib.s /sq. in 
Acetone — Water 

1. W Ac Ac 

2. W W Ac — 

3. W W 50AC.W 

4. SO Ac.W Ac Ac - 

5. so Ac.W 50 Ac.W Ac 

Pressure of compression ~ approx. 20,000 Ihs/sq in. 

Pyridin — Water 

3 11.5 

/ 2 - 10 

\ 3 -^11 

/ 6 -- 4 

\ 17 -1-22.7 

3 9.1 

3 4.0 

3 21.8 

3 1.6 

3 >3 

•The symbol W indicates water; A, alcohol; Ac, acetone; P, pyndin; 50 A.W -- 50 
per cent mixture of alcohol and water, etc W membrane indicates tliat initially the tnctn- 
branc pores were filled with water, in fact all the bncly divided niaterial used was welted 
by liquid before coniprcs.sion. The arrow indicates direction of osmotic tlow. 

We are indebted to Mr. C. N. Smith and Mr. Ying Fu of this laboratory for assistance 
in obtaining the experimental data with osmotic cells with carbon and silica membranes. 


1. W 

P 

P 


2. W 

W 

P 






3. W 

W 

50 P.W 

^ 

4. W 

50 P.W. 

50 P.W. 


5. 50P.W. 

P 

P 


6. 50P.W. 

50 P.W. 

P 



Water-sugar soln 

W W Sugar soln 
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The results show that with the Silica membrane systems the direc- 
ti<m of How was in all ca.'^es from water to the organic liquid. This 
is what we would exjx*ct in case relative adsorption is the deciding 
factor in determining the direction of flow. 

With the carbon membrane systems the direction of flow was 
eventually at least, from water to the organic liquid. This is not what 
we would expect in case flow is from the li(juid which is most highly 
adsorbed by the membrane. 

With water and alccdiol the flow was in all cases toward the alcohol. 
Likewise with water and acetone the flow was toward the acetone. In 
the case of pxridin with carbon membranes tlie initial effects were 
somewhat diflerent; with the system Water-Water-Pyridin the flow 
was first from pyridin to water then later from water to pyridin (re- 
sults were similar hut different in magnitude with compression pressures 
of KXXX)# and 20(KX)#). We might reason from this experiment 
that the initial effect was due to disi)lacement of water by pyridin owing 
to the greater adsorption of pyridin by carbon. Then when the mem- 
brane pores became tilled with pyridin the flow was toward that liquid 
in which there is the greater aflinity or liberation of free energy, ,i.e., 
the thermodynamic potential effects predominate. The mechanism of 
osmose at this point is admittedly difticult to understand. 

It appears that the thermodynamic properties of these systems are 
such that in so far as the li<jnids are concerned the tendency for flow is 
from water to the organic li(|uid. It appears, however, that in some 
cases at least the t)roperties associated with the membrane (i.e., the 
capillary effect) are such as to alter or even reverse this normal direc- 
tion of flow. ( )ther ex])eriments described below will show the correct- 
ness of this view. It was found that with membranes compressed at 
at)proximately 5(XK)# the flow pyridin to water w'as slight, le.ss than 
1 cm. liquid jwessure, and reversal occurred within 2 hours, after which 
pressures of as much as 2^) cm li([uid were obtained after 24 hrs. With 
membranes compressed more highly the initial flow of ])yridin to water 
was greater and reversal occurred after a longer ])eriod of time. 

It was to he ex])ected that the organic liquids would be more highly 
absorbed by carbon than is water. Prehminary test^- made with an 
interferometer confinned this view. From the theory that the direction 
of flow should be from that licjuid which is the more highly absorbed 
we would expect the flow to be from alcohol to water— the flow actually 
was in the other direction. 

A series of tests were undertaken to show whether it can be proven 
experimentally that organic liquid will actually displace water from 
carbon. By making use of an apparatus we were using in a study of 
relative wetability and relative displacing effects of one liquid by an- 
other, we were able to throw light on this problem. 
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Displacement of One Liquid by Another from a Finely 
Divided Solid. 


Cells of the tyix^ illustrated were used. Figs. 2-3. 'Phese cells w'cre 
so constructed that one half of the chamber could be hlled with tinely 
divided solid (carbon) wetted with one liquid and the other half tilled 
with finely di\ided sfjlid v carbon) wetted with another liquid, the two 



Fig. 2. 


compressed masses bein}( in contact witli eacli other and with the corre- 
sixmding liquids in the two cell compartments. t is well known that 
in similar .systems in which two immiscible h(,ui<ls are used the liquid 
with the higher wetting isiwer for the solid will displace the other 
liouid Water, for example, will displace oil from the capillary jKires 
of fine sand. So far as we are aware there is no data in the literature 
which shows that in the case of two completely miscible liquids one o 
the liquids will displace the other liqui.l from finely divided solid and 
in so doing expel it from the system, i.e., drive it out producing thereby 
a flow of the less readily adsorbed liquid from the system through 
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which action (lisplaccnient forces of conj-iderahle niaj^nitiide may he 
set up.^ 

P>y opposing" the inoveiiient of liquid and hy noting the pressures 
reriuired to balance the displacement forces we obtained what we believe 
to be a partial measure at least of the relative wetting ]M)wer of the 
different liquifls for a given solid. 'J'he result of this work will be given 
more fully in ancjther pai>er. 



We have found that when the packing of carbon (or other finely 
divided substances) is '“ufficient, i.e., when the capillary spaces have 
become sufficiently small, two miscible liijuids may be opposed as above 
described and that li(juid with the greater wetting jx^wer will displace 
the other liquid with sufficient force to build up considerable pressure. 

1 he following tables will give some of the results obtained. 


C nnip.irtnieiit Solid C'omparlirifnt Direction 

N<». I (’oinprcsscd No 2 of Flow 


I’rcssinc of cotiipia-ssion 25(K) /sep m. (, approx ). 


W'atcr 

( '.irhoti 

Toluene 

Water 


c t: h 

Water 


l*\ riiliii 

Water 


Vcetoiie 

Water 


Propyl ak'oliol 

Water 


h.tli\i ale-ihol 

Water 

Siliea 

I'oluene 

Water 


(' (' 1. 

Water 


]’> I idin 

Water 


Prop\l aleohol 

Toluene 

( 'arliiMi 

r F D 

I’yridin 



Propyl alcohol 





rolueiic 



P\ ridiii 



Pressure 


2()70 

nini 

lly. 

2840 



750 

“ 

ILO 

295 


“ 

192 



180 

“ 

“ 

1200 

“ 

“ 

2210 



15 

“ 


16 

“ 


192 



286 


“ 

129 


“ 

5o6 

“ 

“ 


Active flow of liquid was opjxised by building up sufticient pres.sure 
on the tK)siti\e pressure side of the system. Thick membranes (about 


of mentioned in the literature 

A a . ‘ anotlK-r niiscihle with it Brucke iPoee. Ann. 58 77-94 

i Ahl 1 nVo glas. capillary pure turpent.ne^d.spKd oHve of,’ 
At the etui of ..4 hours he measured a disidaecment of 0.6 nun. He was unsiiccessful in his 
•litem,,,, to oliiam ,l,.|.lac«„rn, in ,ho ..tWr tw» nusablf "Ttho'gl! hf co" 

sidert'd that them etically such di.>iplaecmciit might be possible; aiuunign con 
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2 inches thick) were used so that the i)c)res were of siifticicnl to 

prevent movement of the liquid-luiuid interface to tlve memi)rane face 
during the setting uj) of the cell and before the external i)ressnre could 
be applied and measured, h'rum tbe above data it will be noted that 
when such thick carbon membranes are used and when tbe i>ore si/e is 
sufficiently reduced osmotic forces are set up and movement of licpiid 
tends to l3e from that luiuid which has the greater wetting pow'cr for 
the membrane. 

It was further found that by altering the degree of ])acking and 
pore size we could alter the magnitude of tbe effects. W hen the [)ore.s 
were too large there was no api)arent Ilow of licpiid through the 
membrane. 

it is felt that this exi>erimental work is sufficient to substantiate the 
view that the three factors (1) thernKul^namic potential of the lujuid 
system, (2) relative adsort)tion of tbe c<untK)nents of a li(|uid svstem 
by the membrane, and (3) jx»re diameter of the membrane must all be 
taken into consitleration in a vtudy of o.smotic effects i)roduce(l in a 
system in which the membrane used is n(>t strictly serni-penneabh'. A 
more (juantitative study al«)ng this hue is under way and quantitative 
data will soon be available. 

Conclusions : 

1. When we ha\e a strictly semi-permeable membrane separating 
two pure li([uids we are dealing with a system in which one compt^nent 
is adsorbed with the practical exclusion of the other, in such a system 
t1o\v of iKiuid can be from that liquid only which is adsorbed by the 
membrane. This conclusion conforms with the generally accepteil 
\ iews. 

2. W ith systems having a membrane with greater ixn'ineability, i.e., 
with fine pores but not strictly semi-jxnnieable, the initial osmotic force 
and resulting direction of Ilow of licjuids will be determined largely by 
the relative adsorption of the li(juids by the membrane material. In 
iuch cases the membrane does play an active t>art and the capillary 
effect is a deci<ling factor in determining the initial direction of How. 

3. W hen a fairly j>ermeable and sufticiently thin membrane is used 
the osmijtic flow of solution in a binary liquid system will be dejiendent 
upon the properties of the liquid system. The projK^rties of the mem- 
brane may not govern the direction of ilow of li(iuid. 

Chemical Laboratory. 

University of Michigan, 

Ann Arbor, Michigan. 



ELECTROENDOSMOSE THROUGH WOOD MEMBRANES 
By Alfred J. Stamm ^ 


The phenomenon of electroenclosmose has in general been studied 
with one of two objects in view. The first has been to explain the 
mechanism of the phenomenon and to develop mathematical expressions 
showing its relationship to its determining factors. The second has 
been to determine such electrical properties of electrolytic solutions as 
transference numbers and degree of hydration of the ions. The present 
investigation was undertaken from a somewhat different viewix)int, 
namely that of determining the relationship of electroendosmotic phe- 
nomena to the known microscopic structure of the membrane material 
and the less understood extent of its colloidal dispersion. 

Microscopic Structure of Wood: 

Woo<l is a complex cellular material which shows definite structural 
differences in its three space directions, namely, transversely, radially, 
and tangentially. The chief cellular structure is laid down in the longi- 
tudinal plane of tlie tree. The cells vary in size, shaj^, and function, 
some serving primarily to conduct sap, others U) store food, and still 
others to give strength to the tree. Some of the cells, differentiated as 
fibers, are long, narrow, taiK*ring tubes closed at both ends. ( See 
Figures 1 and d.) Their length varies from about 0.03 to 1.0 cm. 
Scattered among the fibers of hardwoods are cells of a larger diameter 
which have open ends and are placed one above the other forming 
continuous tul>es called jK)res or vessels. Some hardwoods have jx^res 
of fairly constant diameter rather uniformly dispersed throughout the 
wood. These are known as diffuse-porous woods. Other hardwoods 
have their larger pores in more or less concentric rows in the spring- 
wood with smaller pores in the denser summerwood of each annual 
layer of growth. These are known as ring-porous woods. In soft- 
woods there are no jx)res, but there may be sixicial intercellular spaces 
known as resin passages which serve to store and conduct resins. 

The nature of the cells or fibers formed varies for the different 
parts of the growing season. The cells formed in the spring of the 
year are in general larger than those produced later in the year, and 
have considerably thinner walls. (See Figure 1.) A line of demarka- 

‘ AMOcUte Chemist in Forest Products, U. S. Forest Products Laboratory, Madison, Wis. 
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tion results between the last wood formed in the summer and the no 
^^rowth which commences again in the spring. One cycle of tlie 
stilting handing, the spring- and summerwood of the same year, is know n 
as an annual ring. The distinctness of the line of demarkation hetwecil 
the suiiinierwood and s])ringwood of succeeding annual rings differ^ 
for the different kinds of wood and dej)ends to a great extent upon 
the conditions of growth. In some cases, the rings are so narrow that 
they can hardly be observed with the naked eye. Then again the rings 
may be as much as 1.5 cm. across. I he hues of demarkation Ixtween 
the summerwcK)d and the springwood laid down the following year 
apj)car to he lines of weakness, at least in some species of wood. Ring 
shakes, that is small visible cracks, occasionally occur at these places. 
Mr. Ratcman of the Forest IVoducts Laboratory has obtained indica- 
tions to the effect that similar invisible cracks may j>lay a part in the 
drying of wood and the impregnation of preservatives in the tangential 
direction. 

In practically all woods, there are groups of cells running in a 
radial direction in the tree trunk peri)endicular to the fibers and across 
the annual rings. 'I'hese are known as medullary rays. Their function 
IS to store food and conduct .sip from the ba’rk to the sapwood, or 
living' outer layer of wood in the growing tree. These rays are inade 
number of individual cells, the number varving considerably 
for different kinds of wood and even in the .same piece (F wood. (See 
rigmre ^.) Radial resin passages occasionally occur in the rays. 

It was mentioned that the fibers are closed at both ends. Thev 
communicate with each other, however, through thin ixirtioms of the ceil 
wall known as pu.s A face view of the pits can be .seen on the longi- 
tudinal .Hvtions chiefly the radial ( Idgiire 3), and the manner of 
communication between the cells on a transverse section (Figure 4). 
he pits occur at adjacent partially unthickened points of the adjoining 

S.nl' n I Ti ‘‘i'' rontinuation of 

the .nul< lo la.udla hcWccn the celK. whic h particularly i„ the ease of 

softvvoods shows a sli-ht eentral tliiekenins called the torus. These 
metuhn-tues are otteu fairly ,>enne.ahle, and in sonte cases have been 

towtu ’ceTl?'""^ IHTforations. thus affording communication 

ween cells. L nder six-cial conditions of pressure the torus nnv 
close the pit orihce and present its greater thickness as an obstruction 
to the p.issage ot lu|utds. Ihcrc m.ay also he obstructional growth 
within the pore or vessel cavities in the form of tvloscs. Further resin 
deiiosits may olKstruct the resin ducts and ray ceil passages. 

t he distribution of the chemical constituents throughout the wood 
substance, as far as is known, .seems to be fairly uniform with the c.x- 


•Batlcy, Forest Quarteflx, XI, No 1 i«> /lon^. a,., d i 

Bull. 174 (1916). ’ ** Am. Railw 


ay Engineering: Association, 
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ception of the middle lamella which has been shown by Ritter * of the 
Forest Products LalK)ratorY to be practically pure lignin. Further 
microchemical .studies may, however, reveal other chemical ditYerences. 

Sections Studied. 

Transver.se, radial and tangential sectiems of live .M)ftw<)ods and 
one hardwood were studied, namely Sitka spruce, .\laska cedar, west- 
ern red cedar, western hemlock, Douglas tir and yellow |)oplar. The 
latter hardwood belongs to the dilTuse-porous grou]). All sections 
were taken from the heartwauKl of air dried st(K'k. 'riie sections varied 
•n thickness from 0.4 to 2.0 mm. In the case of the transverse sections 
most of the cells were cut across twice so that a large |K)rtion of the 
cell cavities were com])letely o]>en, tluih giving an effective cajiillary 
cross section that at)])roached the cross section of the cell cavities, 
'riie capillary cross section of the tangenti.al sections was made ui) 
largely of the ray cell capillaries together w'ith any slight cross grain 
cajallarity of the resin ducts, jMwes, and fibers caused by a slight un- 
avoidable deviation of j>art of the cell structure from parallelism with 
the niemljrane faces. This w'ould be ex|)ectcd to be small in the case 
of the libers as their length is considerably less than the distance across 
the membrane at a small angle with its surface. Undoubtedly the resin 
ducts and pores show a coii'-iderably greater cfifective capillarity. Be- 
sides these sources of capillarity there is the [K>ssibility of cai)illary 
communication from fiber cavity to liber cavity through the pits which 
occur on the tangential faces of the fibers. Mnally there is the possi- 
bility of a natural submicroscot)ic cajnllarity. The capillary cross sec- 
tion of the radial sections may be made up of all the al)Ove factors 
with the exception of the ray cell capillarity. There might also Ixi an 
additional ring shake capillarity. 

All of these .sections w'cre soaked in distilled water or 95 jKT cent 
alcohol for two weeks. To facilitate the replacement of air by water 
or alcohol, the soaking of the secti(»ns was done in a vacuum desiccator 
to which intermittent suction was ajiidied. The alcohol was thoroughly 
washed out with distilled water from the alcohol soaked sections before 
they were used in the electroendosmose exjieriments. 


Apparatus. 


The apparatus used in this investigation was the modified Rrigg’s 
apparatus^ used by Strickler and Mathews^ in their .'•tudies of the 
electroendosmose of non-aqueous solutions (Figure 5). A jx^tential of 
1080 volts (24 “B” batteries 45 volt) was applied between the electrodes 


•/. Ind. Eng. Chetn.. 17, 11U4 (1925). 

* Briges. J. phys. Chew., 22, 256 (191H) 

•Strickler and Mathews, J. Am. L'hem. S'<oc , 44, 1647 (1022). 
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f' 'I’hc resultin;j drop in ixjtential across the membrane M caused ,i 
motion of the licpiid from anode to cathode thus causing the motion m 
the l)iil>l)le I! in the capillary luhe. This motion was recorded in cuhh 
centimeters [)cr second. The membrane cross section was 7.76 cni^ and 
tlie distance between tlie idatinum coil electrodes was 6.5 cm. Three 
ca|)illary bubble tubes were used with cross sections of 0.0251 cm^ 
0.0550 'em- and O.Qim cnr. Check values for the velocity were ob- 
tained widi the dilTercin ca/)i/laries e.xcept in cases where the velocity 



was so ^o'oal that an ai)j)recial)k* pressure was built up in the electrode 
tubes which could not he inmiediatcly dissipated in moving the bubble. 
'Ihis was apparent from an api)rei*iable motion of the bubble after 
breaking the electrical circuit. I'or this reason, the larger capillary 
lube was used for membranes of high jK)rosity which gave high values 
for the rate of How of the liipiid. d'he length of the bubble used (1.5- 
2.0 times the diameter) did not affect the rate. The ap])aratus was 
immersed in a thermostat held at 25° C. ± 0.05. Slight fluctuations in 
the temperature had but a very small effect on the rate. The rate of 
motion of the bubble built up .slightly upon closing the electrical circuit 
so that the rates were determined after the vcltK'ity of motion of the 
bubble became constant. 

The drop in potential across the membranes was measured with a 
jx)tentiometer. riatinum black foil electrodes were held securely up 
agaiiut the faces of the membranes and these were connected in series 
with 99.000 ohms resistance, d'he ix)tential drop across 2,000 ohms 
of the resistance was read on the potentiometer. The high resistance 
shunt caused but a slight reduction of the current jxissing through the 
membrane. Reversible calomel electrodes and agar connections to the 
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membrane, as described by Fairbrother and Mastin ® were tried. The 
results checked within one per cent the values obtained by the al)ove 
method. As the first method was simpler in manipulation, it was used 
almost exclusively. A milliammeter was j^laced in the applied voltage 
circuit. With no membrane in the cell a current of approximately 7.0 
milliami^eres was obtained with the distilled water used (Tii 5.1-5.6). 
Deviations from this value for the different samples of distilled water 
used were applied as a correction to the measured ix>tential drop across 
the membranes so as to put all the values on a comi>arable basis. 


Experimental Results. 


In all ca.ses studied, the direction of motion of the liquid through 
the membrane was from the anode to the cathode, indicating that wood 
has a negative charge with re.'^tKTt to water. Alkalies lend to increase 
the negative charge and acids decrease it. As far as the study has been 
conducted, no reversal of charge has been obtained. This is in agree* 
ment with some qualitative exjx^riments by llethe and Toropoff ’ who 
tried wood membranes and Perrin’s'* and Harrison’s'* ex|)eriment.s 
using cotton celluIo‘=e. A further discussion of the effect of electro- 
lytes on the elect roendosmose through wood membranes will be re- 
served for another paper. 

Some preliminary cxtK*riments were ma<le to test the validity of 
the electroendosmose equations, 


P = (300)'^ 


4 Ji T) V 
II D q 


" ( 300)2 


4;iq VIr 
/ I) 


where F is the contact potential between the adsorbed surface layer 
and the bulk of the liquid in volts, the viscosity of the liquid, F the 
rate of endosmotic flow in cc. per second, /r the specific conductivity 
of the liquid in the membrane. li the t)t)tential gradient through the 
membrane in volts per cm, / the current How in am|X*res, 1) the dielec- 
tric constant of the liquid, and q the total capillary cross section of the 
membrane. The linear relationshiirs between the rate of flow V and 
the potential P was found to hold over the whole range tested (270- 
1080 volts api)lied voltage) giving a straight line through the origin. 
Further a linear relationship was found to hold Ixtween F and q. 

The membrane cross section ^ was varied by using brass disk masks 

coated with shellac, (x is the fraction t>art of the membrane cross 
section made up of capillaries.) (Table I.) 


•/. Chem. Soc., 126 . 2319 ( 1924 ). 

physik. Chem., 89 , 597 ( 1916 ). 

•/. ckim, phys., 2, 601 ( 1904 ). 

• Trans. Faraday Soc., 18 , 118 ( 1920 ). 
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TABLE I 

Change in Velocity of Flow with Changes in Membrane Cross Section 


Western Red Cedar, 

TraiLsvcrse Section, 

Q 

Thickness 0.208 cm. 

V 

X 


cc, per sec. 

cm. 

Q 

0.0647 

7.76 

0.00833 

.0413 

5.11 

0.00809 

.0171 

2.00 

0.00818 


E was Imt slij^htly affected hy inaskinf^ the membrane as the change 
in the resistance of the membrane was small in comparison with the 
total resistance, thus changing I but slightly. Slight variations in x due 
to the ununiform structure of the membranes can well account for the 
deviations in the above ratio. 


Meml)rane 

.Sections 

TABLE 11 

Thickness 

cm 

r 

cc. per sec. 

E 

Volts 

per cm, Rcmar 

.Sitka Spruce 

Tians. 

0.157 

0.0693 

\ density 


“ 

.117 

.0712 

i 0.304 



.109 

.0552 

107. 3 (density 



.150 

.0563 

110 3:0.408 


d'.Ulg. 

0061 

0 00453 

272 \ 



.056 

.00424 

275 / 


** 

.053 

.00365 




** 

.043 

.00575 

.^hskt cIl 


Rad. 

0 117 

o.amzs 

visil)le 

260 \ 


“ 

.114 

.000348 

254 / 

Alaska Cedar 

I'rans 

0137 

0.0572 

108.7 



.117 

.0587 

- 



.186 

.0547 

107 1 



.135 

.0572 




'I'ang. 

0.043 

0.00148 

241 \ 



.048 

.00137 

245 / 

We.stern Red Cedar 

Rad. 

0.119 

0.00023 

222 

I'raiis. 

0.152 

0.0676 

106.01 „ ... 



.208 

.0676 

106.8 " 
105.3 


“ 

.259 

.0660 


Tang. 

0.076 

0.00080 

224 1 



.048 

.00090 

227 / 


Rad. 

0.054 

0.00021 

215 \ 

Western Hemlock 


0.089 

.00023 

218 / 

Trans. 

0.139 

0.0704 

115.7 av. of 3 

Douglas Fir 

Tang. 

0.071 

0.00152 

260 av. of 2 

T rails. 

0.112 

0.0546 

1 18.3 av. of 2 

Yellow Poplar 

Tang. 

0.087 

0.00051 

240 av. of 2 

Trans. 

0.114 

0.0176 

112.2 av.of3 


Tang. 

0068 

0.00127 

268 av. of 2 


Rad. 

0.061 

0.00048 

262 av. of 2 


Brackets indicate adjacent sections. 
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The velocities of clet'troendosmose and the ix)tcntial gradients across 
the membranes studied arc given in Table II. Good checks were ob- 
tained for the rates of endosmo^c through adjacent sections cut from 
the same piece of wood. Sections tiiat were first soaked in alcohol 
gave similar values to the water soaked sections, d'his indicates that 
the alcohol had no eflfect on the nature of the membrane, and that a 
removal of the alcohol soluble resins had an inappreciable etTect on 
the contact potential. Sections taken from the same kind of wood hav- 
ing different densities gave different \elocities as shown by the data 
for Sitka spruce. The thickness of the sections .seems to have but 
a slight effect on the rate for the thin sections used. When the thick- 
ness is increased apprcciabl\, however, the rate of endosmose decreases 
due to a decrease in the ]>roportion of capillaries that extend over the 
entire thickness of the membrane. 'I'he exact nature of this change in 
rate with thickness, and the influence r)f the bordered ])its has been 
reserved for further study. 'The rate of endosmose is 10 to UX) times 
as great through the transxerse sections as through the tangential sec- 
tions, and 3 to 10 times as great through the tangential sections as 
through the radial. 

ddie fall in ])otenlial across similar .sections of the same kind of 
wood was found to \arv directly with the thickness, that is, the t)oten- 
tial gradient across the sections was constant. 'I'his gradient did not 
vary to anv great extent from one sj>ecies to another, hut it did differ for 
the different typt's of sections In general the ratio for the transverse 
t(j tangential to radial sections is as 1 .0 : 2.3 : 2.0. .\s the current is con- 

stant, this ratio also re]>resents that of the resistances. .Similar ratios of 
the electrical resistance of wood in the three different sjxace directions 
were obtained In Hiruma in measurements on wood containing 
approximately 15 per cent moisture. If the electrical conductivity of 
the .sections studied in this in\(‘stigation were the conductivity of the 
hulk water in the cell cavities and other large ea])illaries, the transverse 
section conductivity would be several thousand times that in the other 
two directions because of the exceedingly low conductivity of wood sub- 
.stance. As it is onlv about twice that in the other two directions in 
this case as well as in wood containing only 15 per cent water which is 
held in the fine colloidal structure, it seems quite conclusive that the 
conductivity is a surface phenomenon, hurther evidence of this is 
obtained from the fact that the six?cific conductivity of water in the 
membrane is greater than that of water in bulk, d'he sjiecific conduc- 
tivity of the water used was 5.43 X 10^ niho and that of an average 
transverse section 8.27 X 10 mho. On a water volume basis rather 
than a wood-water ba.sis. the conductivity would be two to three times 
higher. The conductivity of water in wood is thus at least two to 

Extracts Bull of Forest lixp. Station, Meguro, Tokyo. 
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three times that of water in hulk. Such an increase in coi^uctivity oi 
water and of dilute •solutions has l>een observed by Stock “ in powdered 
r/iiar(2, and hy AlcJIaiii in silica ta()illaric.s. It is believed to be due 

the ^^renter conductivity of the IJelniholtz *•* double layer. 

Hccaiise of this increased conductivity of the liquid in the mem- 
hrane, the contact jMJtential can be calculated only when q is known, for 
(/ is not only involved directly in the first form of the equation but in- 
directly in the determination of L in the second form. Fairbrother 

and iMastin “ have determined — by conductivity measurements of 

/ 

salt solutions of a sufficiently hij^h concentration so that the sj^ecific 
conductivities of the solutions in Imlk and in the membrane were the 
same, 'fliis may be satisfactory in the case of carliorundum ]Kjwders 
where there are no structural differences in the three .sjiace directions, 
and all of the li((uid is of such a state of dispersion as to give electro- 
endosmotic, motion. 'I bis is not necessarily the case for wood mem- 
branes where part of the water may be held perhaj)s in a molecular 
dis])ersion, For this reason a dififerent method of determining both q 
and p was tried. 

A number of small holes varying in diameter from 0.044 cm. to 
0.0^)13 cm, were drilled m the soaked tangential and radial sections, 
and the increase in the rate of electroendosmose was determined for 
the increase in </. 'fhe increase in rate of endosmose A [’ was found 
to be jiroportional to the increase in cajHllary cross section A q over 
the range studied regardless of the si/e of the holes, h'urther, measure- 
ments showed no detectable change in E after drilling the holes. 
It hence seems justifiable to set up the e(juation : 


P = (300)^ 


4 TC T) 

Yd 


A V 


'fable 111 gives the values of A q and A V for dififerent sized holes, and 
the values of the calcu'ated camtact potential. The contact potential 
varies but slightly among the sjHX'ies studied. The accuracy of the 
value of the contact potential is perhaps no better than 10 |xjr cent 
even though many (>f the checks are much better than this. There is 
the t)Ossibility of distortion of the holes due to the release of existing 
stresses in the sections. This efTect should not be great, however, in 
the saturated sections. A .slight tearing efifect on drilling, which is un- 
avoidable, would also tend to give divergent values of A q. The po- 
tential of wu(xl agaimst water is quite similar to the value obtained by 

Anseiger Akad. Krakah, A G35 M912). 

» Trans. Foradax Soc.. 16. 1.13 (1931) 

» IVied. Ann., 7. ,137 (lrt7U); Freiindlich, “Kapillarcheniic,” 22J (1920). 

'* Loc. at. 
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Membrane 

Sections 

TABLE 

Diameter 
of Holes 
in cm. 

m 

cm.” 

Af' 

cc. per sec. 

• E 

Volts 
per cm. 

F 

in volts 

Yellow Poplar 

1'ang. 

0.0610 

00732 

0.00216 

273 

0.01.35 



♦ .0610 

.07.12 

.00211 



.0133 



.0610 

.0732 

.00202 

263 

.0132 


Rad. 

♦ .091.1 

.1630 

00459 


.0134 


.0610 

.1404 

.00424 

262 

0138 

.Maska Cedar 

** 

.077.S 

.23.50 

.00t)65 

2.59 

.0136 

Tang. 

.0444 

1085 

.{X]272 

224 

.0140 



.0520 

.1482 

.003.50 



.01.32 



.064S 

.16.50 

.(X)392 



01.3.3 



0780 

2.1<>0 

.(K)562 



0131 


Rad 

.0610 

.1464 

.(X)358 

222 

.0138 

Western Red Cedar 

Taiig. 

.06.15 

.1.580 

(K).1.80 

224 

.01.34 


Rad. 

06.15 

.1.580 

.(K)387 

215 

.0142 

Sitka Spruce 

. Tang. 

06.15 

.07^)0 

1X123.5 

273 

.1)136 


Rad. 

0().15 

.1.580 

.1X1478 

263 

.0144 

Western Hemlock 

Tang 

.(KdO 

.1464 

.00418 

264 

.0134 

Douglas Fir 

Tang. 

0610 

1464 

.(X).166 

237 

01.32 

•Additional increa'^e in holes in th<* numhi.iin k'vcii .ihove 

Harrison for the ])olcntial of cotton cellulose against water bv stream- 

ing |X)tcntial measurements. 

Harri.son 

i gives 

0.0157 volt 

for tlu* 

value 


against distilled water. 

Having determined the value of I\ the original value of (j for each 
of the menihranes can he caleulated from the first e(|uation. ddie per- 
centage capillary cross section (;o() A') is given in 'J'ahle IV for the 
ditTereiit sections. The jier cent of total ray cell capillary cross 
section making up the total tangential cross section was determined 
from ])hotomicrogra])h^ made with the assistance of Dr. Weinstein ol 
the Forest I’roducts 1 alioratory. 'Hie cross sections of the ray cells 
were cut out on the line of demarkation of the inner cajiillary wall from 
20x16 inch enlargements (250 times), d'hesc were weighed, and the 
weight was divided by the total weight of the i)hotomicrograph prints. 
These values arc given in the last column of '['able IV. They check 
quite well with the capillary cross sections obtained from the electro- 
endo.'^mosc measurements, thus indicating that the suhmicroscopic 
capillarity, pit communication ca]>illarity, and cross grain capillarity 
are all very small in comi)arison with that of the ray cells. The results 
from the two different methods of measuring the capillarity differ 
appreciably only in the case of yellow ])oplar. The original ])hoto- 
micrographs indicated a rather large deviation in the distribution of 
the ray cells for jxjplar which was not the case for the softwoods. 
The two values given w’cre from enlargements taken from different 
parts of the same photomicrograph, whereas the two values for Sitka 
spruce were from entirely different specimens of different density. 
The ray cells of the i>oplar are further quite short and subject to 

J. Soc. of Dyers and Colorists. 27 , 279 ( 1911 ); Trans. Faraday Soc.. 16 , 116 ( 1920 ), 
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TABLE IV 


CAPIU.ARY 

Cross Section 

OF Tangential Sections 




Per Cent 





Capillary Cross 
Section of Rays 


V 

Av. P 


from Photo- 

Membrane 

cc. per sec. 

in Volts 

100 X 

micrographs. 

Sitka Spruce 

0.00453 

.00424 

0.0136 

1.97 

1.84 

1.19-1.90 


.00365 


1.59 

0.79 

Alaska Cedar 

.00148 

.0135 

0.73 

.00137 


0.67 


Western Red Cedar ... 

00080 

.0139 

0.41 

0.39 

.00090 


0.46 


Western Hemlock 

.00160 

.0132 

0.75 

0.82 

.00144 


0.68 


Douglas b'ir 

.00058 

.0131 

0.30 

0.26 


.00044 

0.22 


Yellow Poplar 

.00127 

.0133 

0.58 

1.31-2.03 

CAPffJ.ARV 

Cross Section 

OF Transverse Sections 





Max. 



Density 


Capillarity 


V 

of Wood 

100 X 

from Density 

Sitka Spruce 

. 0.0693 

0.304 

74.3 

80.4 

.0552 

.408 

60.8 

73.7 

Alaska Cedar 

. .0570 

.442 

61.7 

71.5 

Western Red Cedar.... 

. .0676 

.290 

73.3 

81.3 

Wc.stern Hemlock 

. .0704 

.343 

75.0 

77.9 

Douglas Fir 

. .0546 

.526 

55.0 

66.1 

Yellow Poplar 

. .0176 

.320 

18.7 

79.3 


l)eing clogged by resins. Both of these factors tend to eut down the 
effective capillarity. The results thus seem to show that the electro- 
endosmotic measurements give a very good statistical value for the 
effective ray cell capillarity. 

The second part of Table IV gives the percentage capillarity cross 
section of the transverse sections from the electroendosmose measure- 
ments, and the maximum capillarity calculated from the density of the 
wood. The latter is the maximum theoretical capillary cross section 
on the aSvSumption of all cells being open at both ends, and the capil- 
larity in the other two space directions being negligible. This is equal to 
(l-rf) 

100 ~ where d is the density of the wood, and do that of wood 

do 

substance (1.55 by water displacement). In general the capillarity 
approaches this maximum value. The observed value for yellow poplar 
again is low due most likely to the fact that the fibers are shorter than 
in the case of the softwoods. 

The above measurements on the tangential sections seem to indicate 
that practically all of the effective capillarity can be accounted for by 
the ray cell capillaties. This makes it seem as though the capillarity 
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of a radial section, which contains no ray cell capillarity, would either 
be small or made up of some other form of capillarity than that of the 
tangential sections. Though the capillarity of the radial sections is 
small, it is sufficiently great to warrant the consideration of a small 
possible ring shake capillarity in addition to that of the increased pit' 
communication capillarity. 

The differences in the rates of electroehdosniose through the three 
different kinds of sections seems to be entirely a matter of relative 
unobstructed microscopic capillarity. The . electrical conductivity on 
the other hand seems to be a surface phenomenon in which the hygro- 
scopic moisture in the submicroscopic structure as well as that on the 
surface of the capillaries is effective. 

Summary. 

1. The rate of electroendosmose through membranes of six different 
species of wood were studied using sections cut in the three different 
structural directions. 

2. Adjacent sections give similar rates. The thickness of the mem- 
branes does not affect the rate appreciably for the thin sections used. 

3. The potential of wood against water was computed from deter- 
minations of the increase in velocity oi endo.smose resulting from the 
drilling of a known cross section of holes. A value of approximately 
0.0136 volt was obtained for all of the six^cies. 

4. The effective capillary cross section of tangential sections, as ob- 
tained by the electroendosmotic measurements, corresponds very well 
with the capillary cross section of the ray cells obtained from photo- 
micrographs. 

5. The capillary cross section of the transverse sections ap])roaches 
a maximum value corresponding to that calculated from the density 
of the wood on the assumption that all cell cavities are open at both 
ends, and the capillarity is entirely j^erpendicular to the transverse 
plane. 

6. The results indicate that the motion of water through the sub- 
microscopic structure is very small. Even the slight capillarity through 
the radial sections seems to be other than that of submicroscopic 
structure. 

7. The increased specific conductivity of water in wood over that 
of water in bulk, and the similarity of the ratios of the conductivities 
in the three different structural directions of wood containing only 
hygroscopic water with those for wood with all of the capillaries filled 
with free water indicate that the electrical conductivity is a surface 
phenomenon. 

U. S. Forest Products Laboratory, 

Madison, Wisconsin. 



THE PLACE OF ADHESION IN THE GLUING OF WOOD 


By F. L. Browne and T. R. 7"ruax 

Although glue gave the name to colloid science and the chief con- 
stituents of most of the important glues have been favorite materials 
for colloid investigations, the ancient art of gluing has until recently 
been almost completely neglected by scientists. The glues in use at 
the present time have been discovered chiefly by accident and gluing 
methods develoi>ed by frank empiricism. That a systematic study of 
the subject will lead to important technological improvements has al- 
ready been demonstrated in the gluing of wood, and there is reason to 
believe that better glues are likewise awaiting discovery. If, however, 
really significant advances are to be made in the development of glues, 
the colloid chemist must first explain how glues hold wood surfaces 
together and what are the essential properties of an adhesive. 

Bancroft ^ seems to consider that adhesion, in general, depends upon 
adsorption of the adhesive at the surfaces which are joined, and that 
the degree of adhesion can probably be measured by the amount of 
adsorption. In the joining of wood with animal glue, for example, he 
concludes that the strong force of adhesion between the proteins of 
the glue and the wood substance brings about a concentration of the 
proteins at the wood-glue interface, and that among different glues 
the strongest joints may be exj>ectcd with the one which is thus adsorbed 
to the greatest extent and hence offers the greatest adhesion. 

McBain and Hopkins,- on the other hand, point out that adhesion 
is not the only factor determining the strength of a glue joint. The 
evidence shows clearly that strong joints require the presence of a 
film of adhesive of appreciable thickness which must transmit whatever 
stresses may be applied. A glue must therefore be a highly cohesive 
material in order to provide sufficient mechanical strength. For joining 
smooth surfaces, such as glass or polished metal, there must of course 
be a vStrong force of adhesion between glue and surface, but when 
jx)rous materials like wood are united it may only be necessary for the 
glue in the fluid condition to penetrate sufficiently and solidify in place. 
McBain and Hopkins therefore consider that there are two different 
types of adhesion — specific adhesion, involving a force of attraction 
between adhesive and surface, and mechanical adhesion, involving the 

‘ “Applied Colloid Chemistry'’ (I), 74 (1924). 

* Second Report of the (British) Adhesive^ Research Committee. 
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embedding of solidified adhesive in the cavities of a porous material. 
They consider wood joints to be in the latter class. 

That mechanical adhesion is operative in the joining of wood with 
any of the glues now in common use by woodworkers can scarcely be 
questioned, but the present writers take a middle ground in believing 
that specific adhesion is also an important factor. This does not imply 
any serious disagreement with McBain and Hopkins’ point of view, 
but merely a ditfereuce in emphasis and perhaps in definition. 'I'he 
penetration of the glue into the lumina and vosels of the wood, which 
is essential to mechanical adhesion, can he brought about only if the 
glue while in the fluid condition wets the wood, that is, if the glue sol 
adheres to the walls of the wood elements. In view of the continuous 
character of the sol-gel transformation and the drying of the glue jelly, 
it does not seem probable that this adhesion is entirely lost when the 
joint dries. Moreover the strongly hygroscopic nature of the common 
wood-working glues and of the wood substance as well makes it reason- 
able to suppose that glue and wood possess an attraction for each other. 
At least some degree of specific adhesion therefore seems to be a sine 
qua non for mechanical adhesion in the case of materials of such a fine 
degree of porosity as wood. 

The difficulty of obtaining mechanical adhesion in wood with a 
glue which does not wet wood is illustrated by the following ex|x*ri!nent : 
Smoothly surfaced and matched blocks of red oak were selected because 
the numerous large vessels, free of tyloses, were thought to afford an 
excellent opjxjrtunity for jxmetration. As the “glue," LiiK)witz’ alloy 
was selected because metals do not wet wood and because this alloy, 
when kept at a temperature slightly above its melting [xunt, 65"^ C,, 
has a viscosity not unlike that of woodworking glues. The blocks, 
previously heated, were “glued” together under a pressure great enough 
to squeeze out excess adhesive and still leave a CJ)ntinuous film of alloy 
of a thickness com])arable to the films found in strong joints with com- 
mon types of glue. When the joints had cooled thoroughly the blocks 
were fiiund to adhere with about, the tenacity of any smooth, Hat sur- 
faces pressed together tightly enough to exclude all air from between 
them. When the joints were pulled apart by hand the metal film was 
easily removed intact, and it was found that no appreciable j^enetration 
had been obtained even in the largest ve.ssels of the wood. 

Two lines of evidence against si^ecific adhesion as an important 
factor in the gluing of wood are adduced by McBain and Hopkins: 

In one set of experiments they applied three coats of an oil stain 
to the wood surfaces to be joined, presuming that they had thus closed 
the available openings in the wood. This prevented obtaining satis- 
factory glue joints in the case of mahogany. With pine, however, the 
glue joints were reasonably strong. One is free to explain the results 
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ill H different wBy from that otYcrcd by the experiwenters. Fhe oil 
sUiiii tuny have formed s thin coBtin^ ovct the surfaces of the mi\- 
hogaoy, preventing wetting of the wood by the glue. Pine probably ab- 
sorbs oil more readily, so that the amount of stain applied may not have 
been sufficient to form an effective barrier between wood and glue. If 
such experiments are to throw light upon the question of specific adhe- 
sion, the “filler” should be impregnated into the wood to a sufficient 
dei)th to i)errtiit sanding of the surface in order to remove any coating. 
In this way the cavities will be filled and yet there will be some uncoated 
wood substance for the glue to wet. We have tried to carry out this 
scheme with sugar maple test specimens impregnated in one case with 
I)araffin and in the other with collodion. When the specimens were 
glued together with animal glue and tested the joints made with the 
paraffin-treated wood failed at an average load of 2,200 pounds per 
sfjuare inch and tho^e treated with collodion at 2,500 pounds per square 
inch. Microscopic examination of thin sections across the glue joint 
showed that the amount of penetration of the glue had been very 
greatly reduced by the presence of the fillers, but that we had not suc- 
ceeded in preventing penetration entirely. If specific adhesion has 
no part in the joint strengths obtained, then it would seem that re- 
markably little iKiietration of the glue suffices to produce a strong 
bond. 

McBain and Hopkins’ second argument against specific adhesion 
in wood joints rests upon the assumption that adsorption “is an almost 
necessary inference” in the case of specific adhesion, and they cite 
some exixjriments the results of which they interpret as showing the 
ab.H'nce of adsorption of gelatin by wood. When dry pine sawdust 
was brought into contact with a gelatin solution, the solution increased* 
in concentration by an amount which would be accounted for if the 
wood adsorbed about 24 per cent of its weight of water and did not 
adsorb any gelatin. Since the amount taken up from pure water was 
found by direct determination to be about 10 per cent, the conclusion 
was drawn that any adsorption of gelatin by the wood is negative. How- 
ever. the authors seem to doubt the reliability of their value for the 
“adsorption” of water by wood, because they give it with a question 
mark in their tabulated data. That it is. greatly underestimated can 
scarcely be doubted, since we know that the fiber saturation point for 
pine lies well above 24 per cent. The data therefore do not justify the 
conclusion that there was no adsorption of the gelatin. 

It should be remembered that wood is a very strongly hygroscopic 
material absorbing and holding about 30 or 35 per cent of water in an 
intimate relation probably quite similar to the condition of the water 
in a concentrated gelatin jelly. Vv^hen dry wood is placed in an aqueous 
solution, the absorption of hygroscopic water should be distinguished 
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from any adsorption effects at the wood-solution interface. Even if 
one chooses to regard the hygroscopic water as adsorbed in ultra- 
microscopic cavities, the dimensions of such cavities are presumably of 
an order comparable with molecular sizes — vastly smaller than the 
microscopic cavities which we usually have in mind in sj^eaking of 
wood as a ‘‘porous’* material. The small, mobile, highly polar water 
molecules would be expected to penetrate interstices inaccessible to the 
large, swollen micelles of a gelatin sol. In agreement vSth this view 
Salzberg ® finds that an aqueous solution of glucose increases in con- 
centration when brought in contact with sawdust. . 

But whether adsorption took place in Me Bain and Hopkins’ exjx?ri 
ments or not, the proposition that there can be no adhesion where 
there is no positive adsorption does not seem acceptable. We may regard 
adsorption as a matter of the relative attractive force between the mate- 
rial composing the solid surface and the solvent and solute respectively. 
A stronger attraction between wood and water than between wood and 
gelatin would express itself in negative adsorjHion of the gelatin. But 
such a condition does not indicate the absence of any attractive force 
between wood and gelatin. On the contrary, since the affinity of 
wood for water is so great — dry wood will al)^ tract water from calcium 
chloride monohydrate— its attraction for gelatin may be less and still 
be large enough to account for a powerful adhesion between the sur- 
faces of wood and the dry glue film of a joint. 

The writers are inclined to picture conditions during the making 
of a glue joint in some such manner as the following : The glue, 
whether it be animal, casein, blood albumin, starch, or perhaps even 
sodium silicate, is applied to dry wood in the form of an emulsoid sol 
of such concentration as is necessary to give a fluid of convenient 
consistency to spread proi:)erly with the woodworker’s machinery and 
to penetrate the wood cavities to some extent in order to increase the 
surface area available for adhesion. As already mentioned, penetra- 
tion will be obtained only if the glue wets the wood. Excessive i)ene- 
tration is undesirable for two reasons, — it wastes glue and may pro- 
duce “starved” joints. Fortunately the dry wood absorbs water from 
the glue, such water penetrating to a much greater depth below the 
surface of the wood than the glue. A microscopic examination of sec- 
tions through glue joints made with glues of alkaline reaction shows 
this greater penetration of the aqueous dispersion medium very beauti- 
fully, because on staining with phenol phthalein the presence of alkali 
can be demonstrated far beyond the limits of penetration of the glue 
jelly. Presumably hygroscopic moisture is drawn in still deeper than 
the dissolved alkalies. 

The concentration of the glue sol resulting from the withdrawal 

* Unpubliibtd data of the Forest Products Laboratorjr. 
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of water by the wood, together with the drop in temperature in 
ease of hot glues, hrings about gelation with the desirable resultV'f 
,'n-o;V/mg cAtcss/ie /x'liet ration of the glue and producing a consistenc- 
of the ghw in the remaining glue him suitable for withstanding'^ ilr 



u! ^ --‘I' K'ue showin, 

farther into the w,,:'! "’‘■'i’ 

throtiKh reaction with the tannin contained in the wood”* ’ 


nhn.'o "'"'I orditiarily be employed for bringing 

about itntform contact of the wrtod surface with the glue films h is 

that a -utfable balatice ts tnatntamed between pressure applied to the 
jotnt and conststtatcy of the glue film at the time of pressing With a 
mobile glue him high pressures must be avoided. If a hiji pressure 
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must be used, care should be taken to ol)tain a firm glue film before 
applying it. 

During tlie drying of the joint the glue jelly is subjected to severe 
stresses which the elastic gels are peculiarly fitted to withstand. Both 



Fig. 2, — A longitudinal section through a “starved" joint, “JJ sliowing how the 
shrinkage of tendrils of glue iKiietraling the wood cavities takes place hy 
exaggeration of tlie glue meniscus, making the d^ glue tendrils hollow 
cylinders, “C”, for a large portion of their length. Such a large increase in 
the area of the meniscus could not take place against the force of surface 
tension if there were no specific adhesion of the glue for the wood. 


the wood and the jelly itself shrink, and the volume change mu.st be 
brought about by a readjustment within the glue film if contact be- 
tween wood and glue is to Ik? maintained. The shrinkage of wood is 
50 to 100 times as great transversely as longitudinally and may be 
twice as much radially as tangentially. In plywood and panel construe- 
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tion the grain of alternate plies is placed at right angles, so that the 
direction of maximum shrinkage in one is opposed to that in the other. 
The resulting shearing stress upon the glue film during drying should 
he at least partly comi^ensated by appropriate volume changes in the 



1*10. 3 , — A cross section through a "‘starved” joint showing the relatively deep 
penetration c)f glue into the wood and how the glue tendrils form hollow 
cylinders clinging to the walls of the wood cavities as the glue jelly shrinks. 
(Observe small white spots, to the left, surrounded by dark rings representing 
the dry glue.) 

jelly, a condition which can be met only by a material which combines 
high mechanical strength with the ability to flow sufficiently to make 
volurne changes by alteration of its three dimensions in any manner 
demanded. 

It is clear from the foregoing that the peculiar properties demanded 
of a glue for woodworking are such as are especially characteristic 
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of thbse emulsoid colloids which yield elastic jellies. Since there is a 
manifest need at the present time for a more precise definition of 
the word glwc> it is suggested that it be based upi)n a recognition of 
this fact. Me Bain and Hopkins make the pro[X)sition that “any fluid 
which wets a particular surface and which is then converted into a 
tenacious mass by cooling, evaporation, oxidation, etc., must be re- 
garded as an adhesive for that surface. “ We would accept this, and 
then define a glue as a particular type of adhesive, as follows: Any 
^mterial which can be obtained as an emulsoid sal of suitable con- 
sistency, which wets a particular surface, and which subsequently 
forms a strong elastic jelly by cooling, heating, evaporation, or chem- 
ical re^tion must be regarded as a glue for that surface. Such a 
definition has the advantage of recognizing the newer adhesives which 
are now known in commerce as glues, and it should commend itself par- 
ticularly to disciples of Thomas Graham. 

That specific adhesion is an important factor in obtaining strong 
wood joints will be clear on further considering the results of the shrink- 
age of glue during drying. If the glue did not stick to the wood, 
the tendrils of jelly projecting into the wood cavities would be ex- 
pected to shrivel and no longer fill the ojienings. The glue film be- 
tween the gross surfaces would also be expected to draw away from 
the wood, arching over the spaces between the openings into the 
wood cavities. Microscopic examination proves that such is not the 
case. Shrinkage of the glue tendrils takes place largely by enormous 
exaggeration of the concave meniscus at the inner end of the tendril, 
leaving a film of glue clinging to the walls of the cavity. When dry 
the tendrils become long, hollow cylinders for a great portion of their 
length. Shrinkage in the main glue film evidently takes place by a 
decrease in total thickness, drawing the wood surfaces somewhat closer 
together than they were at the time the glue “set.“ 

A tradition of the glue room holds that stronger joints result when 
the smooth wood surfaces are slightly roughened by means of a 
toothing plane, a claim which has been used as an argument in favor 
of mechanical adhesion. Careful investigation has shown, however, 
that under proper gluing conditions smooth joints are at least as strong 
as “scratched^' joints, and that it is only under “starved" joint condi- 
tions that the roughened surfaces help to keep pockets of glue which 
provide a bond over a portion of the contact surfaces and hence give 
stronger joints. The practical man^s prejudice in favor of looth- 
planed surfaces has been due to the fact that other traditions of the 
glue room have favored the production of starved joints. 

Microscopic examination of sections of a very large number of 
glued joints made with many wood's, several kinds of glue, and vari- 
ous gluing conditions, the strengths of which had been tested have 
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led to the conclusions that (1) for strong joints it is necessary tu 
have an observable, continuous film of glue between the surfaces joined 
{2) the thickness of tlic film may vary within rather wide limits with- 
out a/Tecting the strength of the joint, and (3) there is no correlation 
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between strength of joint and the amount or depth of penetration 
of glue into the vessels or luniina of the wood. 

The necessity for maintaining a continuous glue film between the 
surfaces is obvious on the basis of either the mechanical or specific 
adhesion theories, but if mechanical adhesion alone were of imponance 
It should be possible to demonstrate an optimum degree of penetra- 
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tion for obtaining the strongest joints. That no such optitnum has 
been found and that with many woods strong joints have been obtained 
with remarkably little penetration of glue into wood cavities argues 
strongly that specific adhesion is at least comixirable in importance 
with mechanical adhesion for the gluing of wood. 

During the course of a number ^of exj^eriments involving joint 
tests, a careful observation was made of the results obtained with 
blocks in which the grain, instead of running exactly parallel to the 
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Fig. 5.— The rebults obtained with animal «hie in parallel grain gluing of different 
woods under “starved” joint conditions. 


plane of the joint, made a slight angle with it. If mechanical adhesion 
alone were effective, one wtnild expect .'•uch sj^ecimens to give higher 
test values when the direction of shear is such as to tend to push the 
glue tendrils, running with the grain of the wood, farther into the 
wood than when the tendency is to pull them out. No such difference 
in joint strength in the two cases could be detected. 

If mechanical adhesion were the only important factor in gluing 
wood, there should be a close relation between wood structure and joint 
strength. The results obtained with a large number of si>ecies of wood 
indicates that, in general, the greater the density of the wood the 
higher the strength of the joints obtained under suitable gluing con- 
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dkions. Such a relation might seem to indicate that specific adhesion 
is more important than mechanical adhesion, but on the other hand 
it is equally clear that as the density increases the failure tends to 
take place more largely in the glue film or between 'film and sur- 
face than in the wood. Since our glues are stronger than the wood 
in shear, the ideal glue joint should fail entirely in the wood and 
the average proportion of the joint area in which the wood has pulled 
apart rather than the glue may be taken as a measure of how nearly 
practice attains to the theoretical ideal. For this reason the density 
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Fig. 6. — The results obtained with animal glue in parallel grain gluing of different 
woods under good gluing conditions. 

relation alone does not throw much light upon the relative imiwrtance 
of specific and mechanical adhesion. 

Less ambiguous conclusions can be reached by comparing results 
obtained with different woods having similar density or structure. If 
mechanical adhesion alone is operative, the same joint strength and 
percentage wood failure should be observed in all such cases. On 
the contrary, very striking differences are found. To begin with, 
it is found that coniferous woods in general exhibit higher percentages 
of wood failure than hardwoods of the same density. On the basis 
of structure and ease of penetration by liquids, the proponent of the 
mechanical theory would expect the opposite to be the case, because 
the vessels of the hardwoods offer openings which are usually larger 



OF ADHESION IN THE GLUING OF fVOOH^^ 

arid more readily permeable than the lumina of the conifer tra- 
cheids. 

Certain woods have been found to be more difficult to glue satis- 
factorily than would be indicated by their densities or anything known 
about their structure. Again, with a number of woods the heartwood 
is much more difficult to glue than the sapwood. If it be granted that 
sj^ecific adhesion plays an important part in holding wood joints to- 
gether, these facts find a ready explanation in the influence of the 
numerous "‘extractive” materials in woods, but it is very difficult to 
understand why they should influence purely mechanical a*dhesion so 
profoundly. Again, the joint strength of many woods hard to glue 
can be materially increased by giving the wood a preliminary brush 
treatment with certain substances such as sodium hydroxide solution. 
That the alkali removes or alters the chemical nature of extractive 
materials in the wood which would otherwise interfere with the spe- 
cific adhesion would account for the results satisfactorily. 


Summary. 

1. Evidence is offered to show that both mechanical adhesion and 
si>ecific adhesion are operative in the gluing of wood with the glues 
commonly used by woodworkers. 

2. Si^ecific adhesion between glue and wood does not presuppose 
i>ositive adsorption of the glue from the sol by wood. 

3. The properties required of a material to be useful as a glue 
for joining wood are such as are peculiarly characteristic of the 

soid colloids which give elastic jellies, and a definition of ‘"glue” is 
proposed which recognizes this fact and includes the various mate- 
rials now used industrially for joining wood. 

U. S. Forest Products Laboratory, 

Madison, Wisconsin. 



METHODS FOR CUTTING AND DIFFERENTIAL STAINING 
OF MICROSCOPIC SECTIONS OF HARDWOOD GLUE- 
JOINTS 


By Arthur I. Weinstein 

In the study of the penetration of ^lue into the wood on both 
sides of a glue joint and of the manner of adhesion of different glues 
under various methods of application, microscopic examination of the 
glue joints is essential. Satisfactory examination necessitates the 
cutting of thin, transparent sei'tions of the wood on a microtome and 
the subsequent staining of the sections. The usual method of pre- 
paring wood for sectioning is imi>racticable for glue joints, in view 
both of the nonresistance of some of the glues to water and of the 
ixxssible detrimental effects on the glue of the acids used in the process, 
'fherefore a new technique in the preparation of the material for sec- 
tioning and in the staining of the sections had to be developed. 

Material and Methods. 

The work was done on hard maple joints made witlr the following 
glues : 

(1) Blood albumin glue; (2) casein glue; (3) vegetable (starch) 
glue; (4) animal glue (three joints made with animal glue under 
difTerent gluing conditions). Table I gives the results of strength tests 
on these joints. 


TABLE I 


Joint 

No. Kiiul of Glue 

1 Blood albumin 

2 Casein 

3 Vegetable 

4 Animal glue f 

Joint “a'* 
Joint “h” 
Joint “c” 


Results of Strength Tests 


Quality of 
Joint for 

Average Strength 
in Pounds per 

Wood 

Hard Maple 

Square Inch 

Failure ♦ 

Strong 

3080 

63 

Strong 

3521 

34 

Strong 

3875 

80 

Strong 

3380 

SO 

Weak 

2376 

10 

Strong 

3617 

95 


I percentage of woocl-failjre to glue area only, 

t “a. ’ Joint made under good ghnng conditions, ‘‘b.” joint made under 
iditions. c. Joint made under “atarved” 


gluing conditions, “c.” Joint "made” under 
with caustic soda before gluing. 


. starved** 

gluing conditions but wood treated 


270 
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Preparation of Material for Sectioning. 

Formalin Method ; 

The best results with joints of blood albumin, casein, and animal 
glues were obtained by treating the glue joints witli formalin. Parts 
of the wood containing the joints were cut into small blocks alwnit half 
an inch long and a quarter of an inch in thickness, and these were 
placed in glass vials filled with commercial formalin. Some of the 
blocks sank after twelve hours in the li(]uid, others floated near the 
surface for three or four days. After soaking for seven to teti days, 
longitudinal and cross sections 15 to 20 p (15 to 20 25(XX)th inch) in 
thickness were cut on a Thomson moclification of the Jung-Thoma 
sliding microtome. 

Alcohol-Glycerin Method : 

Very good sections, about 20 fi in thickness, were cut from blood 
albumin, casein, and animal glue joint “c’‘ (see Table 1) after treat- 
ing the wood with ecpial parts of glycerin and T5 iH*r cent alcohol for 
ten days, followed by formalin for 4S hours, (iood sections were 
obtained by this method from animal glue joint “a,” but the glue-line 
swelled to nearly twice its original thickness. Animal glue joint “b” 
fell apart before the wood was .soft enough to cut. 

Hot Alcohol Method: 

Equally good sections were abc) obtaineil from the blood albumin 
and casein glue joints and animal glue joint “c*' by treating them with 
hot 95 per cent alcohol for at least 7 days. The metluxl employed 
was to place the loosely stoppered vials, containing the alcohol and the 
glue joints, in an electric own at 70'^ C . Some of the alcohol evajK)rated 
and had to be rei)laced about everv 24 hours. 

Hot Glycerin Method : 

Sections from vegetable glue joints were obtained by treating the 
joint with hot glycerin for about five <lay.s. I he sto]>|K^red vials with 
the glycerin and blocks were kei)t in the electric oven at 70° C.. for 
the neces?ary length of time, after which sections 15 to 20 p in thick- 
ness were cut with ease. The vegetable glue joints could not be sec- 
tioned successfully when treated with formalin, alcohol-glycerin, or 
hot alcohol because they fell apart after only a few hours in the reagents. 

Blood albumin and casein joints al-so yielded excellent sections 
when treated with hot glycerin, but the animal glue joints all dis- 
integrated, joint “b” falling apart in Ic^s than two hours. 
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Staining. 




Since some of the glues are transt>arent and cannot be clearly 
identified under the microscope in unstained sections, the use of stains 
to bring out the glue line becomes a necessity. Stains ordinarily em- 
ployed in wood technology are of little use, as they stain the glue line 
the same color as the surrounding cell walls and the various cell in- 
clusions, such as gums, mucilage, etc. In order to identify the glue 
line unmistakably as it penetrates the wood, the glue must be stained 
a color distinctive from that of the wood elements. Such a differential 
stain lor hardwood (angios])erm wood) glue joints is Pianeze Illh,^ 
which stains the wood green and the glue deep rose to |)urplish blue. 
Plood albumin glue is not stained at all, but the brown glue line 
itself is in this case in tine contrast with the bright green wood. 

In staining with i’ianeze 1 1 lb the .sections are placed in the stain 
directly from the alcohol in which they are cut. After fifteen minutes 
in the stain they are washed in 95 per cent alcohol, destained with 
acid alcohol if necessary, and wa.died again in 95 per cent alcohol to 
remove the acid, 'rhe sections are then run through absolute alcohol 


TABLE II 

Staining with 

‘ . Preparation for Sectioning and Pianzee lllb 

Glue Joint s Kind of Sections Olitained 15 to 30 minutes 


No. 

1 

2 

3 

4 


1 Part 
Glycerin 
1 Part 
Alcohol 
(95 V.) 

Hot Applied Cold 
Ih^t Alcohol 10 Days. Com’l 
(ilycerin 95% Then Formalin 


Kind of 

5 1 )ays at 7 days at 

Formalin 

7 Days 

Color of 

Glue 

7ir C. 

70° C. 

48nrs. 

(Cold) 

Wood 

Blood 

allnimin 

Good 

Good 

Good 

Good 

Green 

Casein 

( iood 

Good 

Good 

Good 

Green 

Vef?etahlc 

(iood 

None 

None 

None 

Green 

Animal glue 
Joint “a” 

t « 

None 

None 

Good 

Good 

Green 

Joint "b” ' 

None 

Ntme 

(somewhat 

swollen) 

None 

Fair 

Green 

Joint "c” 

None 

Good 

Good 

Good 

Green 


Color of 
Glue 

Brown 
Rose to 
purpli.sh 
Rose 

Rose 


Rose 

Purplish to 
blue 


P^Pared as follows: Malachit<v green, 0 5 g.; acid fuchsin. 0.1 g.; "Martius 
distilled. 150 cc.; aPohol (96 per cent), 50 cc. 

® «nder good gluing conditions, "b.” Joint made under starved gluing 
ondtuons. c. Joint made under starved gluing conditions but wood was treated with 
auitiQ soqa betore gluing. 
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UEtHODS FOR' CUTjiNG HARDWOOD GLUE-JOINTS 

and xylol and mounted in balsam. The wood is colored a bright green ; 
the glue, brown for blood albumin, deep rose for casein, vegetable, 
and animal glue joints “a” and “b,” and imrplisb to blue for joint “c." 

A summary of results in the pre]),'iration of the material and stain- 
ing of sections is given in Table II. 

U. S. Forest Products Laboratory, 

Madison, Wisconsin. 



Fig. 1.— Stained cross section of hard maple hloud albumin glue joint. X 100. 
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Fig. 2 , — Stained cross section of hard maple-casein glue joint. X 100. 
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I'lG. 3. — Stained cross section of hard maple-vegetable glue joint, X 100. 







5. — Stained cross section of hard niaplc-animal glue joint “h," made under 
“starved ” gU’iiig conditions. X UX). 
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Fid. 7. — Stained longitudinal section of hard maple-animal glue joint “c,” made 
under “starved” gluing conditions Iml wood treated with caustic soda before 
gluing. X 100. 
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Img. 8. — rii.staiiK'd cross ''t'ction of hard maple-animal glue joint “a,” showing 
faint outline of glue line. X 100. 


FLOCCULATION AND DEFLOCCULATION OF THE SILVER 
HALIDES 1 

Hy S. E. Sheppard and K. 11. Lambert 

At the first meetinj^ of the Colloid Synipo.'-iuni in 1923. one of us 
presented a paper on “'riie Dispersity of the Silver Halides in Rela- 
tion to Their Photographic Properties."" It was stated at that time 
that grain size and distribution arc important factors of the photographic 
sensitivity of silver halide emulsions and in one and the same emulsion 
the seiiHtivity increases as the si/e of gniin increases, drain size 
is not, however, a sufficient condition for sensitivity hut is apt)arently a 
necessary one. 

In a jiaper given at the C olloid Symposium last year, it was shown 
that one very important factor for the sen.sitivity of ])hotograj>hic 
emulsions is the inherent sensitivity Mihstance present in the gelatin 
surrounding the grains. Minute traces of organic i.sothiocyanates and 
thiocarhamides in gelatin react with the silver halides to form nuclei 
of silver sulfide which in turn act as sensitivity centers for light de- 
composition of the silver halide grains, 'riieoretically it is therefore 
possible to sejjarate the process of ripening into two distinct phases-, 
Viz., the production of silver halide grains si/e and cojnposition, ami 
1 aving a given size distribution, and the sensitization of these by in- 
noculation with silver sulfide. 

In the i)a])er on "'riie Di^j)eisity of the Silver Halide, etc.,’’ and 
in a subseciuent i>a[)er in 77/r rhoto</raphi(' Jonrumil* a tentative theory 
was sketched by one of us of the process of precipitation which might 
lead to the size distributions observed in this Laboratory. The funda- 
mental assumption made was that the distribution of ionic and molecular 
velocities in the reacting solutions is representable by Maxwell’s “error 
function." Accordingly, the numl)er of ions having velocities l>etween 
the limits v and z/ dzf will be 

dn = CNe * ‘ dv 

Where N ~ total number of ions j)er unit volume 
= mean-.square velocity 
C = constant (at constant temperature) 

* Communication No. 279 from the Research Laboratory of the Eastman Kodak Company. 

•Colloid Symposium Monograi)h, 1, 846 (1928). 

•Colloid Symposium Monograph, 3, 76 (1925). 

‘Sheppard, Phot. J. (1925). 
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It was further supposed that the velocities (of Brownian movement) 
of the first formed colloidal particles of precipitate formed would be 
similarly distributed, and that as a first approximation, stirring only 
affected the constant C . 

Since the observed frecpiency curves are better represented by an 
equatHjn of the error function type with a logarithmic exponent,® 

. y =: (t-ay 

an extension of the initial premise was necessary. It was pointed out 
that the type of distribution observed would be obtained if each pri- 
mary particle surviving at the time /,> grew at a rate proixjrtional to 
its si/e. 

'Ihese '•uggestions were criticized by F. F. Ren wick “ as inadequate, 
and particularly as neglecting the ekvtrostatic coagulation or precipita- 
tion of silv('r halide h\drosoIs originally stabilized by momentary and 
local excess of a common ion. Reiiwick indeed goes so far as to state, 
“b'urtherniore, Fottermoser slv^wed that Aglir, when precipitated in 
pre.seiice of excess of alkali halide, is negatively charged, while it is 
positively charged in presence of excess of AgXC.);;. When therefore 
the reacting solutions are approximately chemically equivalent, we 
should expect instant privipitation and the production of approximately 
ecjual numbers of positively and negatively charged primary particles. 
Such a state of afiairs, however, can readily he imagined to be instable, 
and we may reasonably expect the^e oppositely charged pr‘n)uir\ particles 
quickly to aqqrcqotc to larqc qraiiis by electrostatically attracting one 
another.” 

“Ill this manner, it is easy to jiicture the process of Aglir emulsion 
grain formation as essenti.ally an electrical tircx'ipitation or coagulation 
]>rocess regulated mainly by the concentrations, both absolute and rela- 
tive, of the two reacting solutions at each instant, and in each minute 
volume of the mixture.” 

In rejily to this article of Kenwick’s it was again |K)inted out that 
the process of electrical [necipitation would only lead, per sc, to the 
formation of secondary particles, a reversible process, and not to large 
crystalline grains, formed by recrystallization. It is the array of 
crystalline grains which the si/e distribution curves portray. So far 
as definitely inicrocrvstalline precipitates of the silver halides are con- 
cerned, the phase of “electrostatic precipitation” can only be a sub- 
ordinate aspect, and one to some extent already considered as the stage 
of “encounters lx*tween (primary) grain and grains, as well as between 
jjarticles and ions.” ^ None the less, the process of “electrostatic pre- 
cipitation or coagulation” is of definite imix)rtance in regard to the 

• Cf. Wightman. Trivelli. and Sheppard, J. phys. Chem., 28, 629 (1024). 

*Pkot. J., 48, 324 (1924). 

’ Cf. also Wightman. Trivelh, and Sheppard. Trans. Faraday Soc., 19, 73 (1928). 
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grain formation and growth of silver halides. It is with this phase 
of silver halide dispersions that this paper is primarily concerned. 

Sol formation may and should be regarded as a phase in the crystal- 
lization and recrystallization process. This phase may be deliberately 
extended and separately studied. From this viewpoint a knowledge of 
the mechanism of the somatic growth of crystals is of the greatest 
importance and it has been known for a long time that presence of 
foreign material in the neighborhood of growing crystals may entirely 
alter their form and size. 

The terminology of colloid chemistry, not least in what concerns the 
formation and dissolution of precipitates, is still very confused. We 
have thought it well therefore to j>resent a scheme in which our own 
terms are defined, and particularly those referred to in the title under 
the, antithesis “Flocculation and Deflocculation. “ 


Tal.lc I 


AGGREGATION 

OOftOENSATION^rNERMAl) FLOCCULATION 

ATOMaANOHOUCUUESINA PRECJPIWION MECHANICAL 
HMIttymSPSAACSrATe r^^nAiwn 
■naU6m‘M TO CLCiaC CONTACT / \ INTfeSKAIIOn 

VAPOKCONOOISWWTOUQUIO / \ 

0A90UD* CHEMKAL ELECTRICAL 


DI 56 RE 6 ATI 0 N 

\ 

OISPERBATIONfTHERMAl) DEflOCCULAnTION 
BMPOfuenoN / \ 

DISPERSION MECHANICAL 

DiSINTEERAnON 

CHEMICAL aEQRICAL 


5UBUMAnON 


/ 


We understand by condeii'-ation ami disiiergation, changes of .state 
in which a relatively large heat interchange takes place and since in a 
study of silver halides we are not directly concerned with such changes 
of state little more w'ill be said about them. ( U none of the as]X*cts 
of aggregation and disgregation of matter is it true that it is inde- 
pendent of the others. It seems desirable therefore to include chemical, 
electrical and mechanical aggregation into one term which may be 
c.alled Hocculalwn and that the opposed action be designated as dcjloc- 
dilation. 

Experimental. 

With the various asjiecls of deflocculation and flocculation in mind, 
we may proceed to study this process more in detail. 

Renwick’s contention that the “electrostatic coagulation’' is the whole 
story of grain formation in photograjdiic emulsions ai)i>ears to be easily 
rebutted. This process, in the absence of i/elatin or other protective 
colloid, leads only to the reversible formation of secondary and tertiary 
particles or clumps, which are readily redisjiersed either mechanically 
or chemically (electrostatically).’’ Such clumps or clots may, as is 
well known, be produced as follows : 

•The mutual flocculation of oppositely charged hydrosols, ixjHtulatcd by Kctiwick, follow* 
the same process as the flocculation of a colloid by an electrolyte. Electric neutralization 
is followed by coagulation of the “neutral” particles by each other. 



284 


COLLOID SYMPOSIVM "MONOGRAPH 


Potassium bromide is slowly added to silver nitrate in a definite 
manner while stirring until the equivalent point has almost been reached 
but !*ilver nitrate is still present in excess. The precipitate falls to the 
bottom of the beaker. Then the precipitate is washed rejjeatedly 
with distilled water until no cloudiness of the wash water could be 
observed. A sample of the j)recipitate is then placed in a gelatin coat- 
ing solution and coated onto a subcoated plate. Figure 1, No. 1, shows 
a photograph of the grains in a clumped condition. On close inspec- 
tion, the surface api)ears very grainy and therefore a photograph in 
reflected light was taken, Figure 1, No. 2. It can be been that the 
nearly round clumps appear, at least in the surface, to be made up 
of very small individual crystals. 

If some of the coagulated material be placed in the palm of the 
hand and carefully triturated with the thumb of the other hand, a 
mechanical disintegration such as observed in Figure 1, No. 3, has 
occurreil. In fact e.xpt'rience has shown with sufficient mechanical 
treatment all the large clumps can be disintegrated. 

Instead of mechanical di‘ integration, one may introduce potassium 
bromide into the wash water above the coagulated silver bromide grains 
to a pr()|)er concentration. After stirring the material for some time 
and finally allowing irre.solvable aggregates and large crystals to settle, 
it will be found that much of the coagulum has redispersed. Ifigure 1. ' 
No 4, show's such a dis|Xirsion due primarily to chemical and elec- 
trical action. 'I'he mechanical action of stirring has very small effect 
in this case. Since the chemical and electrical effects are hard to 
separate they are considered together as precipitation and dispersion 
effects in the preceding diagram. 

A study of w'ashing conditions was next attempted since it is 
known that either silver nitrate or potassium bromide will i>eptize 
silver bromide and that the .Miluble salts adsorbed to the grains exert 
their pe])ti/.ing action on w'ashing. To follow this a measurement 
of tuibidit) was made after each washing, the latter being performed 
in a definite manner. 

'fwo hundred cc. of 1 N pcitassium bromide solution were added ' 
at a definite and constant rate to three hundred cc. of silver nitrate 
solution of such a concentration that 0.25 per cent of the silver nitrate 
was still left after adding all the potassium bromide solution. The 
temj)erature was kept constant throughout the niixmg. The silver 
bromide was almost completely preeijutated. The siq^ernatant liquid 
was then made up to one liter with distilled water and stirred for 
exactly ten minutes, .\fter settling five minutes a .sample of the sus- 
pension was measured for turbidity. The supernatant liquid was then 
decanted and a liter of distilled water was placed over the precipitated 
silver halide. The stirring and settling procedure was repeated in 
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the same time intervals and the turbidity of the wash water again 
measured. This was repeated until further washing showed no 
turbidity. 

The turbidimeter used was one in which a light filament placed be- 
low a column of susjx^nsion could be viewed from above. 

By varying the height of the column a ixjint would be found at 
which the filament would just disappear. The reciprocal of this height 



loG. 2. 


in mm. wiis taken as a measure of turbidity. Since tlie MisjxMisions 
were com[)osed of primary particles only and all of approximately 
the same size, turliidity is a direct measure of the amount of silver 
halide in suspension. 

A second experiment in which the procedure of mixing was exactly 
reversed was now carried out. Silver nitrate was now added to potas- 
sium bromide ultimately leaving an excess of the latter equal to the 
silver iiitrate excess in the first experiment. Washing followed by 
turbidity measurements was carried out as before and the two experi- 
ments thus obtained are graphically recorded in Figure 2. Turbidity 
is shown as the ordinate while the abscissa represents the number of 
washings of one liter taken. It will be seen that the turbidities reach 


FtOCCULATION OF 


THE SILVER HALwh 



&bout the Stimc itisxinium value but not necessarily at e(]ual nuniber of 
washings. 

Since it is known that both j)otassiuni halide and silver nitrate 
I^eptize the corresponding silver halide, it was dex'ided to test the re- 
versibility of the phenomenon. The mixing cxjxMiments were |)er- 
formed exactly as before after which electrical conductivities of the 
wash waters were taken corre.^l)onding to definite turbidities. When 



Fig. 3. 

the final wash water showed no turbiflity it was not decanted but suc- 
cessive amounts of silver nitrate in the first experiment and of [xitas- 
sium bromide in the second case were added, the system stirred and the 
coagulum allowed to settle, as before, after each addition. 

The |)eptizing effect of silver nitrate is entirely irreversible as 
shown by absence of turbidity on its addition to the thoroughly washed 
silver bromide, f.ater it was found that pota.ssium nitrate present 
after mixing in the manner described above, has im ]:)eptizing and 
probably no coagulating efTe<'t on tli<‘ silver halide. It does not influence 
the action of silver nitrate on the silver bromide. 

Potassium bromide disperses silver bromide reversibly, as shown 
in Figure 3, in the ca.se of freshly precipitated material, It was found, 
however, that although ixitassium nitrate has no noticeable effect on 
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this reversible action, it absolutely prevents peptization if added to 
thoroughly washed silver bromide before potassium bromide is added. 

An interesting experiment was now performed in which potas- 
sium bromide was added to silver nitrate. In one case p>otassium 
bromide was left in excess and in a second case silver nitrate was 



Fic, 4 -(.urvc 1, KBr always in excess; Curve 2, KBr left in excess; Curve 3, 
AjfNOa kept in excess. 

kept in excess. Washing was carried out as l>eforc. Successive 
amounts of ixitassium bromide were now added and conductivity and 
turbidity ineasurements were secured. These ext:>eriments together 
with peptizing experiments by i)Otassium bromide in which potassium 
bromide was always in excess during mixing, were plotted on the same 
graph for comparison. Figure 4. 
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Undoubtedly the manner of treating the coalesced material before 
washing is of extreme iin]xirtancc. Attempts to peptize by silver 
nitrate in like manner gave only negative results. 

The eflfect of. gelatin on the appearance of turbidity was but briefly 
studied at this time. Silver halide was prepared as previously by 
keeping silver nitrate in excess throughout during mixing. After 
washing and peptizing to a maximum with potassium bromide, gelatin 



Fig. 5. 

was added and turbidity observations were made. Figure 5 gives in- 
creased turbidity with increase oi gelatin content. The amount of 
silver bromide in susi)ension at the highest turbidity observed corre- 
st>onds to approximately 0.3 iKumality. Experiments were now carried 
on using exactly the .same method of mixing and washing throughout, 
i.e., potassium bromide was added to silver nitrate ultimately leaving 
silver nitrate slightly in excess in each case, but adding other common 
or closely related ions after wa.shing in order to study their relative 
l^eptizing power. Figure 6 shows the resulting data. It is interesting 
to note that potas.sium chloride disperses equally as well as iTotassium 
bromide but ix)tassium iodide does not. Ammonium bromide and 
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hydrobromic acid are equal as dispersing agents but fall far short of 
the chloride and bromide of potassium. 

Nitric acid, ammonium hydroxide and ix)tassiuni hydroxide failed 
to disperse at all and all have a detrimental effect on dispersion by 
pota.ssium bromide when in their presence. The effect of valency of 
the cation of the electrolyte is still to be studied. 

In studying the dcfh)cculating effect of the common ion electrolyte, 
attention was necessarily drawn to the researches of Lottermoser ® 
on coagulation phenomena with silver irjdide as the disjxjrse phase 



and of Jablczyhski on the rate of coagulation of the silver halides. 
Although the two authors do not agree as to the mechanism of coagula- 
tion, the ex|>erimcnts of both are valuable. I.ottermoser’s data refer 
princi|>ally to the ix)int of complete flocculation as a function of com- 
position when mixing solutions of silver nitrate and alkaline halide. 
This point he calls the “Klarpunkt.” 

Figure 7 gives comparisons of the clearing points of silver halides 
as obtained by us in tlie case of bromides and chlorides and by Lotter- 
inoser for the iodides. Perhaps an elucidation of I.ottermoser’s “clear- 
ing ix)int“ is in order to explain the nature of these experiments. If 

•/. prakt. Chem.. 72, .’J9 56 (1905); Z physik Chern.. 62, 284 286, 358-383 (1908); 
KoUoid Z. iZsigmondyfestschrift), 36, 23v> 237 (1925); Z. anperv. Chem.. 39, 347-856 
(1926). 

soc. chim., 33, 1802-1425 (1923). Ibid., 36, 1277-1292 (1924). 
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the electrical jx)tential of a silver salt solution be measured with a 
silver electrode” as the amount of |)otassium halide is added a curve 
' such as shown in Figure 8 will be obtained. The clearing jxnnt, as 



indicated by the arrow, apix^ars during titration by rajxd stirring, 
before the point of equivalence. The location of this iioint depends 
on the coiKentration of the reacting solutions and approaches the 
equivalent point with decreasing dilution. It lies closer to the equiva- 

with wlver nitrate the potential! in tne nciK -ndooint la caceedtd. This inconstancy ih 

tewnstanp. only i, |e„ with bromide than with iodide, and practically 

Sir'w!’.?. Kd”.' of X.U1 i. due .. rcm.v.1 of reucfin* iou. b, 

adsorption and docculation. 
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does not necessarily correspond to the electrometric titration 
(IvvKitiun Ijcing ^rc:iicr the lower the concentration of bromide. The 
“clearin^i point" corresponds, as chant^e of state* of aggregation, to 
the color changes of indicators in the titration of acids and bases. 
In the latter case, the color change for a given indicator may occur 
well away from the electrochemical equivalence i>oint. The relation 
of Kottermoser’s “clearing point” to the “critical potentials’’^^ of the 
.systems Ag Hal : water (solution) and Ag Hal: glass, is not known 
with certainty. It was ob.served that wilier, titrating ixitassium bromide 
solution with silver nitrate, the cainllary effect, i.r., adhesion of Agllr 
to the glass wall, occurred practically at the “clearing point” at all 



concentrations, lUn on titrations in the re\crse older, the capillary 
effect preceded tiu* dealing point, the more the con(‘(‘ntration. In any 
case the “clearing point” corresponds only to an arbitrarily determined 
stage in the jirocess of coagulation, genorallv of rapid coagulation. ( )ne 
ma\’ di-'-tinguish a threshold of ci)alescence of colloidal particles ultra- 
microscopically, again a \isibility threshold of coalescence as initial 
turbidity, finally a “clearing jMiint” of complete coagifation. Even 
so the process is an/ terminated absolutely, as is shown by the phe- 
nomena of “adsoijition rever.sal” and aging of precipitates.** 

f.otternioser’s explanation of the coagulation, of the silver halides, 
w^hich is .suhstantially Renwick’s theory of the grain formation in 
gelatino-silver-halide emulsions, is one of purely electro-adsorption, 
or as teiined by h'ajans contact-adsorption. An excess of adsorbed 

»C/. Muller, /nr i,t. 

** Cf. Frtrniullirh “Kapillarchctmi','’ et seq , 342 (1922). 

** Frcundlich, '‘K.ipillarchcinir,” 622 (1922). 

^•Fajans and Rcckcrath, Z. phystk. Chem , 97, 478 (1921). 
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m 

|)ositi\c or nej^ativc ion charges the particles an<l makes them stable. 
When there is excess of neither the anions (T, P.r' or T, the neutral 
t)arlicles cctagulate to large secoiulary particles and the colloid t>recipi- 
tates. 

lablczyhski objects to this on the ground that it docs not sufii- 
ciently ex]>lain the velocity of increase of turbidity in the presence 



of gelatin or other ])rotective colloids, riiese inhibit llocciilation even 
at low concentrations. Jablc/\hski’s method of experiment was to 
.rapidly mix in a test tube 5 cc. of a scjlution of AgNt ).i with an ecjUJil 
volume of K(‘l, KUr, or KI, aiul determine the time for a visd>ility 
mark on the back of the tube to disap])ear. 1 hat is, he measured 
the time for production of a fixed turbidity. 1 he value A/ he took 
as being the recijirocal of the mean \elocity of ojKicilication. In pres- 
ence of exce.ss of KG, Kllr, Kl res|x.*ctively, results for the three 
corresponding silver salts were obtained shown in the graph reproduced. 

‘•Bm//. sqc. chim., 33 (2), 1392 (1923). 
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This tyi)e of curve he explains as follows: At first excess of the 
alkaline halide reduces the ionization of the silver salts and their 
so uhility, hence at first the velocity diminishes: in the second period, 
furtl'.er excess of the soluble halides increases the solubility of the 
silver salts by formation of double unstable salts of the type KAgBr., 
etc. The diffusion from grain to grain (Ostwald ripening) accom- 
plishes itself therefore not only by the ions and non-ionized molecules 
of the silver salts, but aho by those of the double .salts. IJence the 
diffusion velocity increases, and the period A/ diminishes. 

Jablczyhski obtains the same tyix.^ of curve in the presence of 
gelatin, 'fhis result, together with the effects of ammonia and of 
increase of temperature in reducing the period A/ he advances as re- 
futing the coagulation theory. As against this, he regards the silver 
halides as forming colloids of the second order, distinguished from the 
sols of the metals, the Milfides, and the oxides, by being more or 
less soluble in water, d he formation of precipitates, and the process 
of gnnin growth for the silver halides is envisaged by Jablczyhski 
as entirely a process of recrystallization by solution of the smaller 
giains and growth of larger ones at their exi>ensc (Ostwald ripening ^‘) 
until the larger grains are thrown down, llie decisive factor in this 
case is the diffusion of material from the smaller to the larger grains. 

C'onsider the etjuation for vapor tension of liquid droplet^ «)f 
radius r 


Po + 


' Gr 


Where 


b'roni this 


/>.) “ vapor tension at plane surface 
(/ “ (lens’t) of vapor 
G ~ den.^ity of liquid 
a ~ surface tension of liquid. 


^ po 


G'^^WU-r) 


P-- 

Where M := molecular weight of vat)or 
R r- gas constant 

absolute temperature. 


T: 


1 


II 


Considering the prcK'ess t)f solution as analogous to evaix>rati()n, we ' 
can replace in e(juation 11 the vapor pres.siirc by concentration C. 



Ill 


Where C — concentration of solution about a grain of radius r 


Cf, Trivelli and Shtppard. “The Sil\cr Bromide Grain of Photographic Emulsions,”, 
Monograph No. 1 on Theory of Photography, etc., 58 et scq. 
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Co = concentration fur plane surface of mas?ive substance 
al)o\e plane surface 
A = constant. 

I'he difference of concentration ah^mt two j;rains of radii ri and 
is then 

= . IV 

nr, 

'I'he mean velocity of increase of turbidity (supi)Osed due to in- 
crease in grain sicc) is expressed hy the amount of .substance trans- 
ferred by dilTusion in the time St. 

r 

Where D 
7. 
n 

'I'bis ecjuation exprei-sc's some of the facts semi-(juantilatively, but 
cannot be regarded as entirely adeciuate.^” Thus the analogy between 
the solution of small crystals and the evaiKuation of licjuid droi>s is 
not so close that the same equation can be applied, with certainty. 
'Fhe small solid particles are not spheres, but crystals, with dilYerent 
faces behaving in a different manner.^^’ It is doubtful therefore whether 
the radius difference has the siKKitic significance attributed. How- 
ever, Jablc/yh, ski’s main contention that grain growth with the silver 
halides is cbielly due to recrystalli/alion deserves full consideration. 

( )ur own observations appear to show that in the precipitation of 
the siKer halides, in the aks'cncr oj i/chtin and similar jirotective col- 
loi<ls, two proces.ses are taking place, one involving the adsorption 
and coagulation jxjstulated by Lottermoser, the other the recrystalliza- 
tioii process. The contention of Jablczyhski that the process is entirely 
a matter of recrystalli/.ation is contradicted by the evidence of reversible 
flocculation and deflocculation (»f part of the silver halide precipitates 
in washing (cf. Figures 1 to 4). 

The microscopic aiipearance of the iirecipitates is also evidence that 
a process of coagulation has produced secondary and higher order ag- 
gregates of loosely adhering ]jrimary particles, evidently by the process 
of electrolytic coagulation. (Figure 10.) 

It i." precisely the exi.stence of crystal ac/f/regates in the preci])itates 
from the silver halides, which arc not readily “rejieptized’' to individual 
crystals either chemically or mechanically, which indicates that both 

‘•Only at high temperature, dor-i cryMallwation velocUy approach a diffusion vdocity 
Cf Marc. Z. physik them , 77, 614 (1911) 

‘♦C/. Trivdli and Sheppard. “The Silver llroimde (jrain of t'hotoRraphic Lmulwoni. 
Monograph No. 1 on Theory of Photography, etc. 


=: coefficient of diffusion 
- mean distance between grains 
= ('onstant. 
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pnxr.sM's an- ()jH*ra(i\c. I ^ntlcr power microscopic examination, 
the precipitates of the silver halides show, as soon as the reactin^^ 
concentrations are above a certain value, individual crystals as in 



I'K. 10 — Primary (j.iiticlcs, crvslals, afij^rL-jL^ates and n.irticlcs of liighcr order, 
(Diagrammatic.) 


I'i^ure 11. Dili in addition there appear a<.;^rcjL;atcs illustrated in 
I'igure IJ. d'hese agi^re.^ates are not the “secondary particles” of 
various authors,"" which are composed of primary particles (crystals) 


CRVCSTAL AGGREGATES 
BEFORE TRITURATION 



250X 


CRVSTAL AGGREGATES 
AFTER TRITURATION 

# % % 

« I 



250X 


l-u, U 


llG. II. 


held together hv the electrostatic and hydration fences of the elec- 
trical double Ia^er^ surrounding them, f.c.. their electrical double layers 
are in common eeiuihhrium."* Such secondary, etc., panicles are readily 
disgu'egated or detlocculated, unless they undergo “aging.” In the case 


s-fV. MfcklenluirK. Z anrr,/ L hrm . 64, 360 (1909). 

The (h>draU'<l) rlr*. tmal double layer plays essentially the same part as a protective 
colloid of the ptotein nr iMrl)uh> di.ite Ope. Its formation and constitution cannot be di.s- 
cussed licie, luit .nre partlv rctogni/cd, eg., Lottcrnioser’s foimulation of tlie colloid silver 
lodiclc paiticle iis 

■ V- + 

I + K 


/X Agl \ _ 

( KI ) j . 
\b KNO,/ ‘ 
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uf the siUer halide the “seumdarv )^;lrliele^” jKkss readil\ iuU) ervslah 
line a^'j^rej^ales. and a^j:.urej;ate erx-^taU, whieh aj^ain aie not coin)>lelely 
stable on prolonj^ed dim'stinn in the pre'enee ol t‘\eess alkaline halide. 

In the jiresenee of lielatin or ‘>iinilar oiIIohIs.'-’ the eoa^nlalion is 
lar^^ely inhibited, at least until \ev\ imieli higher eoueentralions of the 
reactants are enipkned. The ol)ser\ation (►f Reiiwick '' does not dis 
agree with this, because in preparing siher hioinide tinnlsion the 
coneentrations arc necessarily high. The inlnhiiing effect of ^nch col- 
loids on the tlocciilalion of siKer indulc has lieen used h\ Lotter- 
inoser to deierniine a “siKer mdide nuniher.’* analogous to /siginond\’s 
“gold numlier.” Hence it ina\ be concluded that the jirocess of loagu- 
lation instanced by Kenwick l‘la\s onl\ a small part in tlu' ionnalion 
of the siher bromide grams of photographie emubions, at least of 
negative emulsions. 'The gram giowth is primanh due to a piocess 
of recr\ st.'dlizalion from solution.-' in which cr\stal aggregation plays 
a small part. W hen Jable/\hski • ’ slates that “1 es colloides dc sc’cond 
ordrc coaijulcnt meme en preseiKT du colloide ^taliihsant. coinme ils 
ne perdent pas leurs charges. iK poitent leur substance des grains plus 
]>etils anx ])lus grands pai la solution, la \oie <le diffusion,” he ajtpears 
to us to be correct m the mam fad. but inexact m the use of the term 
coagulation 


Analogy Between Rec;ystallization and Coagulation. 

In an important paper |ablc/\hski lollowed e\pi'rimenlall\ the 
increan* in o]>lical density ■' uilh time of piei i)>itatmg siKei halnie 
(Agfl, Agl'.r). He found tlu* rel.hion bitweim the dimsity and the 
time to be linear of the lorm 


1) - /f. Ki 

1)^ an apjih'Cation ot Kaxleighs efju.'ition for light tiansinlssion in 
turbid media"*' he shows this rediues to 

y.y..K, 

n //., 


1 d- K nj 

where fi is the number of grams at a tune ^ >/,, the oiiginal number 
jier unit volume, lie j)oints out that this i‘(|uation is of the same 

** Cf. Lottermoser, loc. rif 
** Loc. cit 

** Cf. Sheppard, 1st Colloid Sympn-iuiii Mmiiori apli, t<)( at 
Hull soc. chim , 35, (1111111. 

*’ Measured m a Konm Marten sprctruph-aoinctir for Kr<en light 
» Phil. Mag., 41, 107 (1874) 
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form as that deduced by Smoluchowski for the rapid coagulation 
of colloids of the first order. Jle considers, however, that the niccha- 
nisni is cmipletely ditTercnt in tlie two cases. 

We have already discussed the relation of tlie two processes. It 
appears, however, that kinetically considered the two processes have 
very considerable similarity. 

In the case of electrolytic coagulation, as considered by Smoluchow- 
ski, the theory is liased on the probability of collision of (equal sized) 
two particles, all collisions being sup{x>sed inelastic. In the case of 
recrystallization, the principal process is probably the collision of two 
particles viz., a (liffusing ion and a crystal particle or nucleus, later 
of a diffusion ion with a crystal presumably larger than a nucleus. 
It might be expected therefore that the recrystallization process would 
follow, at any rate initially, a course representable by Smoluchowski’s 
formula, in its general form 



n «o 


In srmic exix^riments on the recrystallization process by digestion in 
exc(‘,ss of a(iueous {)otassium bromide of rapidly precipitated silver 
bromide, results were obtained in agreement with this. Equivalent 
silver nitrate and [K)tassium bromide solutions were rapidly mixed in 
a '‘iHjcial at)i\aratus.'‘‘* The reaction being accomplished in about 40 
seconds for 200 cc. of each solution. 100 cc. of a solution of potas- 
sium lu'omide was added, and tlie system digested at 60° C. (which 
was also the tenqierature of precipitation) with constant stirring of 
about 1200 r.p.m. Decreasing siieed to 200 r.p.m. was not found 
to affect the results appreciably. The precipitation was carried out 
in .625 per cent of ash free gelatin solution, which on dilution with 
the aqueous potassium bromide made the concentration during diges- 
tion .50 per cent, d'he silver bromide was 0.5 N at mixing (9.4 per 
cent) and 0.4 N during digestion (7.5 [x^r cent). 

Samples were withdrawn at given time intervals, and photomicro- 
graphs made from one grain layer.’'* From these, counts of the num- 
bers of grains per unit volume were made. 

TABLE II 

OrCESTlON CoX'UTIONS 


Concentration Ratio of 

No. ofKBr KBrAgBr 

1 .02 Af 2:40 

2 04 .V 4:40 

3 06 /V 6:40 


"2 phynk. Chetn., 92, 120 (l4l7) 

•* Thi» followed m iinnciplc JohtjoiC apparttus for rapid mixing [Compt. rend., 109 (1). 
96-8 (1919)-] ty ahso Prac. Roy. Soc , 104 A, 374 (19 — ), and will be described else- 
where. 

Made by A. P. H. Trivelli. 
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The results are shown in the graph (Figure 13). 

It will be seen that there is a linear relation between the rccipnKal 
of the number of grains and the time for a considerable period of 
the digestion process, after which the cxjxMi mental \ allies fall away 
from the theoretical linear relation. 

It is noteworthy that the deviation becomes marked not when the 
number of grains has decreased to any fraction of the original hut 
when a certain time has passed. 

The reason for the falling off of the rate at which grains disappear 



to have a solubility excess. At the same time, the surfaces of the 
growing crystals are changing, and in particular the fast growing x'ubic 
' surfaces are being eliminated and the slowly growing octahedral sur- 
faces left. In this digestion prtxess it may be assumed that coagula- 
tion, in the sense of Lottermoser’s work, is practically completely 

^^^We may mention that the relation of coagulation and recrystalliza- 
tion processes is critically discusH^d by H. Freundlich in his monit- 
mental “Kapillarcheniie." He says “it is still d (piestion in what rela- 
tion the velocity of growth of coagulated flocks stands to velocity of 
crystallization in the ordinary sense. It may be that germs of the 
crystalline phase must first apj)ear in the flocks, which then grow with 

•• “Kapillarcbemie,'’ 680 (1922), 
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their ))roix*r crystallization velocity. One would then ix)s.sihly have 
in the genesis of a crystalline solid precipitate in a solution the follow- 
int^ chain of {>rcK'esses : 

TARl.K HI 

1 lomo^foncotis Nuclei of Aniorphoiis 

Solution ^ new phase ^ Mihniicrons 

V'^elocity of nucleation W'locity ot formation 

of new phase colloi<l sol 

Coaf^ulatefl ^ Coarse Cr>st.il 

^ flocks ^ flocks ^ nuclei ^ 

Velocity of Velocity ()f Velocity of 

coaKiilalion flock f^rowth nucleus formation 

> Coarse crystals 

Velocity of 
crystalli/ation 


I'reundlicli adds “It remains uncertain, whether one has the ri^dit to 
dilTerentiate helween the .t,n-ovvlh of the flocks ('flocculation) and the 
aclual crystallization, and whether the same constants have not to be 
considereil in both cases’’ In the case ot the siKcr halides, it a])ix?ars 
to us that the nexus of cr\ stallization and lloci'iilalion is somewhat 
ditTeix'iil from that sui^eesteil by b’reundlich. \-ray s])ectroi,^raphic 
examination of the colloid soN and .eels of the silver halides shows 
these to he micro-cr\ stalliiie from their lirst ap])('arance. I'he primary 
{>articles »>f any tlocks m this case are tlierefore cr\stallinc, and the 
rt'lation of coagulation and crystallization is therefori* more probably 
somewhat as follows: 

TABLE IV 


HomoKcnocus 

solution 


Contact 

( / .uKorption Neutral Coagulated 

->nuclci of to d' '* sol ^pailiclc > tiocks 


new 

pli.isi'v -foimation 

1 N (suhmicrons) 



\ito — sol/ 



N'eliicity 

(V'ekuity of adsorption) 

W‘l(Kity of 


of nucleus 

coagulation 


loi mat ion 

Crystallization 

process 



(Velocity of crystallization) 


d'he relation of crystallization and coagulation according to this 
are in a somewhat dilTerent order in regard to time. Reversible floccu- 
lation defxmds upon the formation and coalescence of hydrated adsorp- 
tion layers at the surface of crystals, corresponding to a temporary 
inliibition of crystal growth. The decoalescence or rupture of the 
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hydrated adsorption layers leads to crystal aj^yrej^atc format itm, other- 
wise the flocculation is comj)letely reversihle, and as shown by (Vlen 
and Ohlon the nuniher of ])articles on deflm'ciilation is the same 
as before flocculation. W’e ha\e in the se<linicntation process a 
method of testing the extent to which re\ersihlc flocculation and ir- 
reversible coagulation, leading o\er to crystal growth, arc present 
resi>ectively. We are makiiiji; a further study by this method of the 
precipitation of the silver halides. 


Summary. 

1. The relation of coagulation and rccrystalli/ati(Mi in the j^rain 
[growth of siher halide ])recipilates is discussed. 

2. Evidence is ^dven that coagulation by electro-adsorption is a 
phase of silver halide ])recii)itation. in agreement with Lotlermoser 
d'he |>rocess is not purely one of recrystallization, as suggested by 
Jahlcz} nski. 

d. I he coagulation due to eleUro-adsorption is inhibited by gelalm 
rile higher the concentration ol gelatin the higher the total concen- 
tration of reactants at which tloccidation is ]>ossd)le 

4. h'lectnK'oagulation and recr\stalh/ation follow at iirst the same 
law for the diminution of number of particles. 

5 hdectrocoagulation and flocculation ])lav only a subordinate role 
in the grain growth of sil\c*r bromide emulsions. 

Research Laboratory, l^a^tman Kodak ('ompany, 

Rocliester, N. 

phy^ik Chem , 82, 78 (OHIO 
0(kn.' KoIUnd 7 , 26, l(>i» (1'>2«0 



PECTIN JELLIES 

By Mrss G. Spencer 


1'he usual statciuciit in regard to i^ectin jellies is that we have 
to have a more or less definite relation between sugar, acid and water 
for a given jxTtin content in order to get a jelly. With low acid 
and high acid a syrup is said to he formed and also with high and low 
sugar. 

'I'he first step toward a theory for jelly formation seemed to be 
to get a qualitative view of the jelly field. Starting with 1 gram of 
Douglas Pectin {Xir 1(X) grams of jelly, the sugar-acid ratio was varied. 
The results as obtained in Professor Bancroft’s Laboratory are shown 
qualitatively in the following diagram: 



L JNS A C/O 

I'ki. 1 - ('(instant juxiin : ordinates arc siij.jar content 


I'roni this it appears that there are two jelly fields, one in the acid 
region and one in the alkaline. 

Investigation has been centered on the acid jellies, the edible jellies, 
and most workers have found that when the sugar was increased be- 
yond a cytain ix)int a syrup or weak jelly resulted. In our experi- 
ments we carried the sugar concentration even up to the point at 
which crystallization made further addition of sugar impossible. At 
no point was there the slightest tendency toward syrup formation, so 
crystallization and not syrup formation fixes the upper boundary of 
the acid jelly field. 

Jelly failure resulting from high sugar concentration, as reixirted, 
is the result we believe of hydrolysis. In accord with this it was found 
that the jelly forming projx'rties of a pectin mixture containing the 
so-called “optimum” amount of sugar can be weakened and finally 
destroyed by boiling. The fact that some workers report weak jellies 
where others report syrups is explained by the higher degree of 
hydrolysis in the syrups than in the weak jellies. 
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Mixtures high in acid are also said to give syrups or weak jellies. 

In our experiments the acid was increased to several times the acidity 
for which jelly failure had been reported. At no degree of acidity 
was there any tendency toward a weakening of jellies as the acidity 
was increased. Again it can be shown that the formation of syrups 
in mixtures high in acid, as re|x>rted. is a result of hydrolysis. Mix- 
tures which give firm jellies, even optimum acidity mixtures if suffi- 
ciently boiled lose their jelly forming jn'operty. At very high acidities, 
decom|.x)sition of pectin will take place without heat. This instability 
of pectin and not a limiting acidity ft>r gelation will fix the right hand 
boundary of the acid jelly fieUl. 

These experiments show that the acid jelly field is a continuous one 
abo\e the syrup jelly boundar\, and that syrups exist only below the 
boundary. The syrups or weak jellies rejx)rted for high acid and sugar 
concentrations are due to the e\t»eriniental error in hydrolysis. 

WT* do not know the (|uanlitalive \alue of this boundary line be- 
tween the syrup and jelly field because ]>ure ])eetin has not lx*en pre- 
pared and there is no doubt that the salts held by impure jHictin 
influence the curve. 

Work on other colloids and some of the work on pectin implies that 
pectin jelly formation might be an isoelectric preidpitation. It is 
obvious that both the acid an<l alkaline fields cannot represent i.so- 
electric jellies. We have carried out cataphoresis ex])eriments to see 
if the jellies in the acid field are isoelectric. 'The results of these ex- 
periments show that in e\ery case the iKX'tin is ]X)sitively charged. In 
fact the jxx'tin w'hich we used diowed a positive charge at the acidity 
outside of the achl jdly field. Since the isoelectric ]x)int is not 
within the acid jcll\ field the jellies cannot be isoelectric jellies. 

.\ theory for acid jelly foimatiijn then, need not concern itself either 
with the isoelectric prcci’pitation of jxctin or with syrujis at high 
acid or sugar above the boundary line The theory must explain the 
boundary line se])arating the sMup field from the jelly tield^ 

As a working Ipinghesis for a theory of pixiin gelation, we are 
as'-uming that ixctin is j)e])ti/ed by water, that acid dispkaces water 
to some extent and that sugar replaces both water and acid to some 
extent. Piy the partial disi)lacemcnt f)f water by acid, followed by 
the further displacement (if water by sugar, the boundary (^f the jelly 
region is accounted for because wc have decreased sufficiently the 
amount of absorbed water which is the real ]ieptizing agent. 

Thus w’hen acid is low. more sugar is required to form a jelly 
than when acid is high. 

Cornell University, 

Ithaca, N. Y. 



CATAPJ10RJ':S1S. KLKCTRICAL CHARGE, CRITICAL 
lYH l^NTlAL, AND STABILITY OF COLLOIDS 

Uy H. R. Kruyt, a. C. W. Roodvoets, and P. C. van der Willigen 

Coll»)i(l clu'niistry of today is based entirely on the connection be- 
tween the ekrtrical charj^e and the stability of the colloidal particles. 
This relation was first discovered by Hardy,’ was confirmed by Burton,” 
and was later made more definite by Powis."’ Measurements of the 
electrical surfacc'-cbarj^e in connection with the stability of the colloidal 
particles are of the L^reatest im|K)rtance and, when combined with 
data on the cataphoresis of colloidal solutions, must .t^ive the most needed 
information as t(j the nature of colloidal solutions. Recently one of us ’ 
has sh(»wn what diniculties there are in exact measurements of cata- 
phorcsis and this paiK*r ,i(i\es chiefly the results of a study of cataphoresis 
in which as far as ])ossible all objections to the technique arc avoided. 
VVe have chosen the arsenious sulfide sol as the one to study, because 
Powis obtained results with this very sol which .^eemed to conflict 
with his theory of the critical potential, while, on the other hand, the 
theory described the behavior of other sols extremely w’cll. Powis 
found that the critical potential, based on cataphoresis cx|>eriments 
in presence of potassium chloride did not aj^ree with that which he harl 
found with other electrolytes, such as barium chloride, aluminum 
chloride, thorium nitrate, etc. W'e first attem])ted to .c^et a better ai^ree- 
nient by avoiding, so far as ])ossible, all the errors in the cataphoresis 
technique. IToin our results it will be seen that we have succeeded in 
ijettini; a belter aj.,o-eenK‘nt between theory and fact, but the outcome 
is (juite different from what we had anticipated. 

Experimental Part. 

We ha\e made our exjx^riments in Burton’s apparatus. The most 
difficult question to answer is what liquid shall be in contact with the 
sol.® The liquid must have the same conductance as the sol, so that 
the fall of iKitcntial shall be uniform throughout the whole tube. Also 
it must contain the same electrolyte as occurs in the intermicellar liquid. 

»Z. phvtik, Chrm , 33. 385 (1900). 

'Phil. 'Mao. (fi). 11. ^125; 12, 472 (1906); 17, 582 (1909). 

*Z. physxk. Chem., 89. 91, 186 (1915). 

‘Kruyt, KollotdZ., 37. 358 (1925). 

•J. Chem. Soc., 109, 734 (1916). 

*Cf. Mukhrrjce, Proc. Roy. Soc.. 103A, 102 (1923). 
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It seemed therefore best to use as tlie other liquid the ultra-filtrate 
from the sol itself. In this way it was jX)ssible to avoid a diffusion 
]X)tential at the surface between the sol and the other liquid, since this 
surface was the one to be watched in the exjx’riment. We have made 
use of membranes of collodion which had Ixen dissolved in alcohol- 
ether and not of collodion which had been dissolved in glacial acetic 
acid, so as to avoid contamination by electrolyte. The membranes were 
prtripitated in the new, porous ])orcelain, filters of l>echholdd\onig.^ 
which have functioned admirably in our experiments. 

\\t have first proved that we actually get the intermiccllar licjuid 
in this way and that adsorption by the membrane causes no a])precial)le 
change. When doing ultra-filtration, the first JtX)-.TX) ax that came 
through were always thrown away. When w’c sjK-ak later of the ultra- 
filtrate. we shall always mean the li<|nid that comes through after the 
first 200-300 cc. 

A solution of two milliinols KCl per liter was filtered through a 
membrane made from 1.5 ixn* cent collodion. 'I'lie .solution itself had 
a si)ccific conductance i)f /\|v - 2.31 X 10 and the nltra-filtrate one 
of 2.32 X 1^1 arsenious sulphide sol, to which sufficient |M)tas- 

siuni chloride w'as added to give a concentration of 20 milliinols per 
liter, had a sjiecilic conductance of A>.-, --- 2^b5 X 1^1 * while the ultra- 
filtrate showed 2^1.2 X 10 ‘. 'The .sol itself had a specific conductance 
of about 2 V 10"‘ ohms ’ and was a little hett(‘r conductor than the 
ultra filtrate. 

K 25/sol 2.10 X 10'^ ultra-filtrate 2 05 X 10 ' 

K 25/sol 2.10 X 10-‘ ultra-filtrate l.’k^ X lO'^ 

* K 25/sol 2.10 X 10' ‘ ultra-filtrate 1.79 X ICf' 

In addition it vva^ established that different ultra-filters made with 
1, 2, 3 or 4 jKT cent collodion gave identical ultra-filtrates for the sol 
(with and without an added electrolyte). 

We may therefore draw the following coin lusions 

1. lly ultra-filtration w'e actually get the mtermicellar liquid. 

2. d'he specific conductances of the sul and the ultra-filtrate may 
differ by several per cent in conse<iuence of the conductance of the 
particles in the .sol. 

3. If an electrolyte is added to the sol, the difference between the 
conductance of the sol and that of its ultra-filtrate is small. 

r>y this method of measuring the cataphorcMs we always satisfy 
the conditions that the clear liquid is identical with the intermiccllar 
liquid and that the resistance is uniform throughout the apparatus. 
This is most nearly true at the higher concentrations of the electrolyte 


* Bechhold and Gutlohn, Z. angcw, Chem , 37, 494 (1924). 
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but the error is small even with the pure sol or with the lower electrolyte 
concentrations. 


Measurements, 


The solutes used were prej^ired in the usual manner.^ The de- 
terminations were always carried out in duplicate and triplicate with 
the cells in parallel. The voltage was read on a voltmeter; as the source 
of current we used the city direct-current circuit at 220 volts with a 
lamp in series. The distance between the electrodes was always 23 cm. 

With the pure sol the intermicellar liquid was placed above the sol ; 
in the other determinations the intermicellar liquid was brought to 
the same electrolyte concentration as the sol. One might think that 
one should first add the electrolyte to the sol and then do ultra-filtra- 
tion ; hut actually it makes no difference which one does first. If the 
sol plus 20 millimols potassium chloride per liter is filtered, we find : 

u ™ 4.10 ii — — , If the .M)l is filtered and ])otassium chloride is then 
cm. 

added to make a concentration of 20 millimols per liter, we find: 
U--4.10,. 

cm. 

In each run the current was allowed to flow in one direction for 
ten minutes. 'I'he circuit was broken and the two levels measured, 
after which the current was allowed to How for twenty minutes in the 
opjxjsite direction, and then readings were made as before. The divid- 
ing surfaces remained sharp even when high concentrations of the 
electrolyte were used, d'his was undoubtedly due to the absence, of 
difTinion. 

In the following tables the rate of cataphoresis u is given in microns 
(p) per .second and ix‘r volt t)Otential drop. In Table IV arc the 
Hocc Illation \ allies for the sols used. 


T.\BLE I 
KCl added 


Concentration in Millimols 
per Liter 

0 

5 

10 

20 

40 

55 

66 


u 

u 

Soli 

Sol II 

2.45 

2.43 

3.44 

3.60 

— 

4.06 

4.10 

4.16 

— 

4.23 

4.33 

— 

4.47 

— 


* See Kniyt and van den Spek, Kolloid-Z , 26, 1 (1919). Also the determinations of th« 
flocculation valnea were carried out as described. 
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TABLE II 
Bad* added 

u 

Concentration in Millimols per Liter Sol II 


0 2.43 

1 1.6J 


TABLE III 
K*Fe(CN), added 

u 

Concentration in Millimgls per Liter Sol III 


0 3.13 

20 4 76 

60 5.07 

100 5.09 

TABLE IV 
1‘'lCK:( UI.ATION Valifs 

Electrol>te Soli Sol II Sol III 

KCl 8(1 77 

K,Fe(CN), - - 130 

BaCL - 13 


Discussion of the Results. 

Tlie cataphoresis ineasurcnienls arc shown j,n‘aphically in I’i^nri' 1. 
From this wc see that the curve for hariuni chloride falls sharply hut 
that the cur\es for potassium chloride and for tK»lassiuni ferrocyanide 
first ri.se with increasing concentration and show no sign of falling otl. 
We have carried the inca.surcnients as far as ix)ssihle so as to get as 
near to the limiting value as iKjssihle. because we exix^cted (triginally 
that the curves would eventually fall off. d his seems not to he the 
case and the results seem at first sight to lead to a conclusion very 
much in conflict with the |K»int of view which we outlined at the 
beginning of this paper. 

We are always inclined to assume that the iKdential of the double 
layer is proiX)rtional to the rate of cataphoresis, in accordance with the 
Helmholtz formula as modified by Debye. 


where i; is the potential, T| the viscosity, II the drop of potential, D 
the dielectric constant, and u the rale of cataphoresis. Generally we 
assume that the small concentration of electrolyte can have no appre- 
ciable effect on t] or on D. 

For two reasons we believe that this assumption is not strictly true. 
We have here to deal with the friction and the dielectric constant in the 
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electric double layer at the surface of the particles, where the con- 
centration t>ecoines a j^ood deal hij,dier owing to the adsorption. Even 
though the visccjsity and the dielectric constant do not change ap- 
preciably in the dilute solution, it is not certain that the high concentra- 
tion in the adsorption him may not have quite an eflfect. We are also 
not certain that the dielectric constant remains unchanged in dilute 
solutions. Walden has recently published some experiments which 
show that the addition of a salt to a pure liquid usually causes a lowering 
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(jf the dielectric constant, t)assing through a minimum with increasing 
concentration and then increasing to a value higher than that for the 
pure solvent, Walden found this the regular thing with different 
organic solvents. With water he could only get tnc first fall. I'iirth 
has carried the curve further and finds that the minimum is reached 
with five millimols potassium chloride after which an increase occurs. 

In the formula as given we certainly cannot consider D as constant 
but we must assume that the curve for u lies for the most part above 
that for (Figure J). With barium chloride C falls so rapidly that the 
dielectric constant is .scarcely changed at all. The dotted line for ^ 

• Walden, Ulrich Werner, Z physik Chetn,, 116, 261 (1925). 

Phystk. Z., 25. 676 (1924). 
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coincides fairly closely with the solid line for u and the agreement will 
undoubtedly be much closer for aluminum chloride and thorium nitrate. 

The surprisinjj: result of our exjKTiments and rea-onini; is first that 
the rale of cataphoresis. when determined under the best conditions, 
does not decrease when a univalent cation is added, u increasiuji; at 
first, t )ther investij;ators have found the same thinj^ when multivalent 
anions are present. Towis “ obtained a fall in the u line lor l>otas^ium 
chloride and considered the course of the u hue to be the same* as that 
of the ^ line, so that he found no aj^reement with his (uvn iheorv 
of the critical potential, I'he rtvent investii^ations, which ha\e shown 
the change of the dielectric ccnistanl with the concentration, ]iro\e that 
the ]M)tential falls mucli more rajiidly than luul been assumed, and 
[iroves that we cannot yet calculate l in the case of ]ii<;her concentia- 



tion of eleUr<iI\tes We aNo see Iroin these considerations how cautious 
we must be about deciding against the theoiy of critical potentials on 
the basis of expeiiments like those described, t )n the other hand the 
correction due to the change in D is in just the right direction to ac- 
count for the lack of agreement which has existed between the calcu 
lated ]Kjtentials when colloidal solutions are preeijiitated by multivalent 
and by univalent cations. 

\’ariou.s other investigators have found theo* same difficulties 
and have criticized the theory of the critical potential ' ' because of ibis. 
Nevertheless, nobodv has j»ut forwanl a viewjioint which exjilaiiis the 
colloid-chemical phenomena so well as the theory of Hardy and I’owis 
it is unfortunate that we cannot make a final statement so long as we dc 
not yet know the change of the dielectric constant in concentrated sail 
solutions ; but that can be determined. From the jiresent measurement* 
we cannot say definitely where the maximum is in the [Kiteiitial curve 


Chetn. Soc., 109, 734 (1910) 
wpowis, loc. nt , Krfundlirh ami Zcli, Z. 
Dissertation, Delft (1924). 

** Limburg thinks that the clfe*rical ronductance plays 


fihysik Chem., 114, 0.'» (1925); Liinbur* 
important a part a-s tlu- charge 
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for univalent electrolytes. Two of us have recently proved that the 
so-called antagonism of the ions depends on the fact that one of the 
electrolytes shows a maxitmwi. VV'/ien one considers how satisfactory 
is the agreement which Powis has obtained for the critical potentials 
in the case of multivalent ions, one must admit that the maximum 
concentration in the case of the antagonistic action is a sure sign of 
the occurrence r)f a inaxinmm in the |X)tential curve. 

Conclusions. 

C'ataphorcsis ineasnrenients with P>urton’s apparatus have been made 
with an arsenious ^uHide sol, using the intcrmicellar solution as the 
other li(jiiid. d he rate of cataphoresis increases with the addition of 
|K)tassiiim chloride in all concentrations up nearly to the flocculation 
]M)int. On the hasi.s of recent investigations on the dielectric constant 
it is recognized that there actually is a fall of j)otcntial on adding an • 
electrolyte, and that the rate of cataphoresis u does not necessarily vary 
in the same sense as the fall of ])otential 'C. .Since the critical potential 
does not depend on a definite 1/ value hut on the value of u/D, there 
is no justification for rejecting the theory of critical potentials. 

van’t Hoff* Laboratory, 

Utrecht, Holland. 


Krujt and vati <h‘r Wi1Iik« n, ^l•r\/ Kii 


Ikad IV, -t. .Imrti'rdam, 34, 1240 (1920). 



THE DE-INKING OF PAPER 


By T. R. Briggs and E. H. Rhodes 


Introduction. 


The (le-inkin^^ * of printed paper is a problem in detergent action 
and as such it is of interest to colloid chemists. Being an imj)ortant 
step in the commercial recovery of used pa|)er, it has given rise to a 
large number of patents— some more than forty years old — hut so 
f^r as the present authors are aware, no (|uantitative laboratory in- 
vestigation of de-inking has yet been imblished. I'he problem has 
accordingly been taken up in the Cornell laboratory and the pres- 
ent paper is a re|M)rt on the results which have been obtained up to 
the present time, I lie problem has been considered so far entirely 
from the iKjint of \iew of detergent action and little effort has been 
made to guide the investigation along the lines of technical piactiee. 

In de-inking pajK’r the ink is dislodged from the cellulose or other 
fibers and is brought into sus|K'nsion in a liquid medium, with which 
or frinn which it may be removed. I he first stage of the process 
is one of dispersion, and, since the printed pa^x^r is a more or less 
solid complex of pigment, oil, size, and fiber, a suitable mechanical 
treatment (pulping) in the presence of a petitizing agent (detergent) 
will be necessary. In general, the iK-ptizing agent may be an ion 
or a colloid in solution; the most effective deteigent is a substance or 
a combination of sub-tances which is able not only to peptize the carlKin- 
black (or other pigment) of the ink, but also to emulsify, dissolve, 
or otherwise attack the oily vehicle of the ink and to aid in the dis- 
integration of the paper. When brought into suspension, the carbon- 
black may be removed with the liquid disfxirsion medium by washing 
the latter out of the pul]), or it may be allowed to pass into a second 
liquid, such as an oil, which wets carlxni preferentially, or it may be 
adsorbed at a liquid-liquid or liquid-vapor interface and be removed by 
flotation. All of these methods have been tried in practice. 

A large number of detergents have been recommended for de- 
inking. Alkaline reagents form an important group, especially sodium 
hydroxide, sodium carbonate, sodium silicate, and borax. The hy- 


1 and Tovee / Ind Eng. Chem., 13, 214 (1921); Ba»kervinc and Sterenion, 

W 11921)^^ Chem. E^., 26. 242 (1921); Haas, Chem. Ztg., 46. 

i% (?921)- Welli 30, 7 (1922); fayne. iUt. Chem. Eng.. 29, 1178 (1023); 

Berl and PfanninuHcr, Z. angtw. Chem., 39, 887 (1925). 
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(JwxyJ ions presumably peptize the ink by adsorption and they nm 
also attack the vehicle of the ink if the latter contains saponiriahh 
oils, forminj^ soaps which arc themselve< active de-inking agents. Col 
loidal detergents wliicli have l>ecn recoinmendcd include the soap.s. 
together with other materials, such as those contained in spent sul- 
fite liquor, extract of sea-weed, or in the products of enzyme action 
hinely divided solids have also l)een employed in de-inking, par- 
ticularly silica, alumina, fullers’ earth, hentonite, whiting, and calcium 
silicate. ( )ils such as turpentine, kerosene, or pine-oil, have been 
used in dis<diarging the adsorbed ink from the fibers and in collect- 
ing the ink in the pulp. Scum dotation and froth dotation have been 
recommended as a means of separating the ink from the pulp in an 
effort to render washing the pulp unnecessary. 

'I'he present investigation had as its immediate object a com])arative 
study of a number of typical detergent substances, in order that some 
information might be gained as to their effectiveness in de-inking paper. 
It was necessary therefore to develop a techniciiie by which de-inking 
could be carried out coineniently in the laboratory and determined 
(juantitatively. The jirocedure that was linally ado[)tcd is described 
below. 

Procedure. 

Ordinary newsprint, made available through the coojxTation of the 
Itliiua J <)urual-\ cws, was emploved throughout this investigation. 
1 m » r the purp<jse of obtaining uniformly representative samples c>f 
printed [laper in the various exiieriments, a large sui)ply of a single 
issue of the above publication was torn into small pieces and the whole 
was thoroughly mixed. A quantitv of the unprinted stcK'k used in 
the above issue was t>repared in the same way. 

In general the procedure was simple. A weighed ixirtion of printed 
paixM- was disintegrated (pulixxl) in a solution containing the de- 
inking agent. The t)aper was then recovered in the form of a cake 
of wet pulp and the latter was washed free of detergent and peptized 
ink. Sheets of i)aixir were next prepared, dried, and pressed Hat. 
the whiteness ^ of the.se sheets was finally determined by means of a 
Taylor “retlectometer.'’ From the whiteness, in turn, the amount 
of de-inking accomplished by the detergent could be a.seertained 
quantitatively and thus expressed as a definite number. 

rulpiiig was carried out in a square glass jar (12 cm. on each 
side, 24 cm. high) or in a rectangular lead vessel (11 cm. on each 

• “Whiteness,” as the term ts used in this paper, is defined as the ratio between the 
intensity of the light rettected by the paper and the iiitensit> of the light incident upon the 
paper. The rcficctioa may be diduse or specular. “Brightness” is a more exact but a less 
convenient term. 

• Cy. Taylor, Scientific Papers U, S. Bur Standards. 406 (1920); Rhodes and Fonda 

Ind. Eng. Chern,, 18, 130 (1926). x-onaa. 
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side, 30 cm. high). Both containers gave the same results; the use 
of lead caused no a})})rccial)le discoloration of the pulp. The paper 
was puljxxl with a horizontally rotating brass twiddle mounted on a 
vertical steel shaft. 1'he -peed was about 1300 K.l'.M. 

Thirty to forty minute.s of pulping gave a well disintegrated pulp 
from which uniform sheets of ])ajK*r could be made. In every ca.se 
pulping was begun at the tem[K^rature of the laboratory, hut when 
the pulp was thick (50 grams pajx'r ]x*r liter) the temperature rose 
10 to 15 degrees during the process. 

A six.*cial paper-making box was used in fornnng the sheets of 
pa]H.‘r. d'his consistetl of a rectangular box (»f brass (16 8 cm. long, 
10.5 cm. wide, and f).5 cm. high) open at the to)) and fitted with a 
rectangular bra^s collar (of the same dimensions as the box), which 
howexer formed a separate and leadily detachable jiail of the whole. 
Box and collar were held together In wing screvxs extending through 
a wide tlange at the bottom of the collar and a mated ilange at the 
to]) of the box, with a rubbei gtisket betwtrn to make a water- 
tight comux'tion, A sheet of brass bourdrinier .screen supjMtrted on a 
]x*rforated ]>late rested on the Ilange of tlie lower box and was held 
firmly in i)lace by the gasket 'fhe box was lilted with an outlet 
tube near the bottom, the whole ai)i>aratn- forming a demountable 
suction-box. when assembled. 

In making a sheet of i»aj)er. water was run into the box and u|) 
into the collar until the screen w'as just submerged. 'I wo hundred 
cc. of 1 jK.*r cent pul]) w'a-> then ])oured into the collar, and, after 
the pul]) had been distributed evenly, the water was allow'ed to (h'ain 
slowly from the whole a])])aratus. A loose felt of ])a])er was deposited 
on the .screen; this wa- drained thoroughiv by suction. 

'fhe collar was then unscrewe(l and the screen carrying the wet 
pajier w'as removed to a ])iece of blotting ])a])er. A six'ond Four- 
drinier .screen was ])laced ui)on the ui)i)er surface of the felt, after 
which the two screens carrying between them the wet i)a])er were 
pressed between sheets of blotting ])a])er. 'fhe smooth com])act felt 
was then .strijijxxl from the -creens and dried at (►()'’. 'fhe dried sheets 
were finally jiressed ilat in a letter-j)ress. 

The unsized and imcalendered sheets so ])reparcd were much looser 
in texture than ordinary newsjirint. 'J'he sheets were extremely uni- 
form, however, in thickness, texture, and character of the surface 
and each was flat and free from wrinkles. 

The sheets of pajier now being ready, the next stej) was to measure 
their whiteness with the Taylor reflectonieter. 'fhis apparatus is an 
integrating photometer by means of which one may measure the 
intensity of the light incident upon the test pajier and also the in- 
tensity of the light reflected, the ratio of thc.se two intensities being 
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the whiteness of the paper, in accordance with the definition formu- 
lated in an earlier paragraph. 

The rctlectomctct is shown in Figure 1. A hollow sphere of 
5 pun copper, 12.7 cm, in fliameter, was provided with three openings, 
A, li, and C, as shown. To one opening A, was fitted a lighting 
tul)e which could be rotated so as to direct a beam of parallel light 
either upon the inside of the sphere or* upon the surface of the 
test pai)er placefl below the oixiiiing H. The lighting tube carried a 
tungsten lamp (light source) together with a set of lenses and dia- 
phragms. dhe tele.sco|)e of a Macbeth illuniinometer was attached 
to the opening for the pur|K)se of measuring the intensity of illumina- 



tion inside the sphere. baflle plate was mounted inside the sphere 
as shown, so that light falling upon the pai>er could not be reflected 
directly into the telescoix,' of the illuniinometer. The baffle and the 
entire inner surface of the sjihere were covered with a white photometer 
paint. 

In determining whiteness the lighting tube was placed in a definite 
position (indicated by a stop-mark) so as to direct the beam of light 
uixin the inner surface of the sphere (Position 1, Figure 1). The 
intensity of illumination inside the sphere was then measured. The 
lighting tube was next turned through an angle of 180° (indicated 
by a second stop-mark) so as to direct the beam upon the surface 
of the pajier below B {po.sition 2). The intensity of illumination 
was again measured. The last measurement divided by the first gave 
the whiteness of the paper. 
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In determining whiteness with the apparatus the only precaution 
necessary was to see that the current in the light-source and in the 
working-standard lamp of the illuminonieter remained constant during 
the “short time needed to make the two readings. Ordinarily, little 
difficulty was met with in this regard. At leai^t five check determina- 
tions were made on each sheet of jxiper and the mean of these was 
taken. Under these conditions the axerage deviation from the mean 
was found to he about ± 0.0()5 for the indixidual determinations. 


The Determination of the Amount of De-Inking. 

The whiteness of the paper rc.sulting from a given process of de- 
inking is of course a measure of the practical etTcx'tiveness of the proc- 
ess. Since the whiteness of the i«iixt must be related in some way 
to the amount of ink retained by the pajXT after the process of pulp- 
ing, it should be jKissible to determine <juantitatively the extent of 
de-inking from the measurements »)f whiteness. Accordingly the 
following method was adopted. 

Known mixtures of printed and imprinted paper were puI|H'd as 
de.scribed, without any rehioval of ink or any discoloration of the 
paper fibers, Sheets of paper were prepared from these mixtures 
and their whiteness mea.sured. A graded series of “de-inking stand- 
ards” was thus obtained, which enabled the relation between white- 
ness and relative ink content to lie found, and to be represented 
graphically by means of a curve (Cf, Figure 2). 

It was not |x»ssible to u.se distilled water in pulping these mix- 
tures for the reason that a surprisingly large amount of ink was re- 
moved in this way (C'f. Table 11). It was found, however, that 
dilute solutions of acids or neutral salts could be employed in pul|>- 
ing, without a trace of ink being lost in the pulping liijuid. Accord- 
ingly 50 grams of each mixture of printe<l and unprinted paiier was 
pulpdd for 40 minutes in one liter of 0.02 N aluminum chloride and 
sheets were prepared as de.serihed. The whiteness of these standards 
is given in Part A of Table I. 

At a later date a second .series of standards was made from a 
different supply of pajier as follows. Two 50 gram portions, one 
of printed, the other of unprinted jiajier were pulped in 0.1 Af sodium 
chloride. Several different mixtures of printed and unprinted paper 
were prepared from these by combining them in the proper amounts, 
and these mixtures after being repulped in salt solution were made 
into sheets. The whiteness is recorded in Part B of Table I. 
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TABT.E I 

WirirFNFss OF Df-Inktng Standards 


Part A — Mixtures pulpcfl 

in 0 02 .V AlCh or 0 02 .V NaCl. 


Unprinted Paprr 

Whiteness 

Ihinrintefl Paper 

Whiteness 

Per Cent 


Per C'ent 


0 

0 56t 

.50 

0.64o 

10 

0 58. 

60 

0.65o 

20 

0 50., 

70 

0.675 

,30 

O.tlOr. 

80 

071o 

40 

0 61.. 

00 

O.75o 

50 

0 64.. 

KK) 

0.80o 

Part P> -Mi\tuns pulped 

in 0 1 V .\aCl 


Unprinted P.ipcr 


Unprinted Paper 

W'liiteness 

1 *er C’ent 


Per Cent 


0 

0.56o 

75 

0.70o 

25 .. 

0 (^0.> 

100 

0.785 

50 

0.().3.. 

100* 

0.7!^0 80 


* Krfus t<i imprinted of I hat a Iciitnal Vm*'. niipuliiod 


W’itli llu'sc* data a was foiistriicted (Figure 2) between 

whiteness as ordinates and ])er cent unprinted paper as abscissa?, 
d'bis curve is not a straight line If we assume that the rctlectoineter 
gave corret't value'' of whiteness, we are forced to conclude that 
whiteness and ink-content are not inversely proportional, though one 
might expect (hem to he so at first sight. .Apparently tlic mixtures 
containing a small amount of jninted paper are darker than their 
carbon-content woukl ap)>ear to re(|uire: which leads to tlx? conclusion 
that the tinting strength of a small ([uantity of ink is relati\e1y greater 
than that of a larger amount This increased tinting strength may 
he due to a more complete distribution of carbon black, in smaller 
individual jiarticles. oxer the paper fiher^, and may lie an illustration 
of the princijile that tinting strengtii is dependent uihui both the 
particle-size of the tinting pigment and the distribution factor. 

ily using in the experiments on de-inking the same sujiply of printed 
)>aper that was utilized in preparing the standards, it was possible 
to read directly from the whiteness curve under discussion the |)er 
cent de-inking accomplished in the experiment, since de-inking may 
he ex])ressed conveniently in terms of per cent conversion of printed 
paper into ink- free pulp (imprinted paper). This is true of course 
onlv when the sole action of tlie detergent is the removal of ink. If 
the fibers are bleached or discolored, or if the tinting strength of the 
retained ink is different from that in the standards cmi>loyed in 
obtaining the curve, the values of de-inking read from the latter may 


*Cf. Rriggs. J Phys Chfm., 22, 210 (1918). 
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be in error. As some uncertainty is at present inherent in the method, 
the values got from the curve will be termed in what follows the 
apparent de-inking. 



Comparison of Various De-Inking Agents. 

Experiments were now carried out to com])are a number of sub- 
stances as to their effectiveness in de-inking. 'fhe ex])erimental con- 
ditions were ke])t as nearly as )H>^sible alike throughout the siM'ies, 
but no s}X'cial effort was made to ascertain tbe best conditions of 
operation or to reproduce those used in practice. 

Fifty grams of printed pa])er was pulped for dO minutes in one 
liter of a solution containing the detergent, the glass container being 
used throughout. The pulp was fdtered with suction to lemove rno^t 
of the liquid containing the detergent and the |K‘])tized ink, and the 
cake of pulji was stirred into a liter of distilled water. This was 
again filtered. Washing and filtering were rejieated at least four limes, 
or until the filtrate became clear and free from susjxjndcd ink. The 
pulp was then made into sheets of paper (in dilute salt solution, to 
prevent the |X)ssible loss of ink in the j)a])er-making box). The data 
on whiteness and apparent de-inking appear in Table II. 
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TABLE II 

Comparison of Detergents 


50 grams of printed paper pulped 30-40 minutes in 1 liter of solution. 
Pulp washed. 





Apparent 



White- 

De- Inking 

Pulping Solution 

Concentration 

ness 

(Per Cent) 

Sodium oleate 

5 grams per liter 

0.79, 

100 

Fullers’ earth in 0.02 N 




NaOH 

10 grains per liter 

0.764 

95 

Sodium silicate “O” Brand 

O.l :V 

0.72i 

84 

Sodium resinate 

5 ji^ram.s per liter 

0.71t 

83 

Sodium hydroxide 

0.1 N 

0.716 

82 

Sodium hydroxide 

0.02 N 

0.70o 

78 

Borax 

0 1 N 

0.69a 

75 

Cielalin in 0.02 .V iVaOH.. 

10 grams per liter 

0.68, 

71 

Sodium hydroxide (70^*- 




55") 

0.02 N 

0.08o 

70 

Sodium carbonate 

0.1 .V 

0.67, 

69 

(jiini arabic 

10 gram.s per liter 

0.66, 

65 

Celatin 

10 grams per liter 

0.644 

55 

Sucrose 

0.1 N 

0.62h 

46 

Distilled water 

. .. — 

O.fiO, 

30 

FkK albumen 

10 grams per liter 

0.59t 

26 

.Sodium chloride 

0.01 A' 

0.56t 

0 

t alcium chloride 

0.01 A’ 

O 56o 

0 

Aluminum chloride . . . 

001 N 

0.56,3 

0 

Calcium hydroxide 

(saturated) 

0.55e 

0 


'I’he (lata of 'I'able II allow several interesting conclusions to he 
drawn. Among the de-inking agents studied, sodium oleate is out- 
standing- which is what one might expect in view of the known de- 
tergent activity of the soaps. Sodium resinate is good, but not so 
elfective as the oleate; free rosin api>ears to l)e adsorbed by the 
nber.s, giving a slightly sticky feel to the pulp. The other colloids 
are decidedly less active even so good a ])rotective colloid as gelatine 
is comparatively a poor de-inking agent, (him arabic apjx^ars to be 
fair, but it is not out.standing, although it is known to peptize carboji- 
hlack and is much used as an emulsifying agent. Egg albumen ap- 
pears to be a .'■light anti-detergent, siiKe less ink was removed by a 
one per cent solution than was removed by distilled water alone. The 
albumen appeared to be c(jagulated completely and adsorbed by the 
jxiper, since the heavy foaming that was first observed during pulping 
later disap|X‘ared entirely. The albumen apparently acted somewhat 
as a mordant does in dyeing, aiding in fixing the ink on the fibers. 

A surprisingly large fraction of the ink is removed by distilled 
water. Tap water was tried al.so with about the same result. Any- 
thing which on addition to water gives a whiter paper than water 
alone does, may be termed a detergent or de-inking agent, provided 
of course the substance has no true bleaching action on the fibers, 
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On the other hand anything wliicli opix)ses the de-inking action of 
water, and does not discolor the libers, may 1)0 called an anti-detergent, 
1 he neutral salts — and the same is true ot strong acids anil the i-oliihle 
alkaline earth metal bases— are evidently extremely ]^o\\erfnl anti- 
detergents in de-inking. 'I'he non-iom/.ed solutes such as sucrose appear 
to be more or less inert. 

Sodium hydroxide, and the sodium salts of weak acids which are 
hydrolyzed in water, are etTecti\e de-inking agents. 'rhe\ do not 
apix*ar to iH'pti/.e much ink directly, as soa]> does, but stTin to loosen 
the ink so that it is washed readily out of the ])ul}) in the subseipirnt 
treatment, dims, after pulping with sodium oleate the puljiiiig li»|uid 
obtained on filtering was black with suspendeil ink. while with the 
alkaline de-inking agents an amber-colored jailping lii|uid wa*- ob- 

tained which did not appear to carry much ink in suspension, but 
ink was apjxirently eliminated gradually during the suhseijuent wash- 
ing of the pulp. It seems likely that the method of washing out the 
loosened ink from the puljK'd libers is of primary importance in the 
case of the alkaline detergiaits. 'I'his point should be investigated 

further. 

W ith the Miajts the ink is loosened from the libers and carried into 
a stable susjiensioii of very tine jiai tides, so removal from the pulp 
is easy. With sodium hydroxide, howe\<*r, a stable suspension of tine 
ink particles is not formed and some method of collecting the partly 
]H‘j)tized or loosened ink is needed. .\t first dght the addition of 

gelatine to the base might be expected to stabilize the sus])ension. 

ddie ex]x*riment was tried but failed, as tbe data of the table indicate. 
I'lorida fullers' earth, on the other hand, jiroduced the desired el'fivt, 
acting as a collecting agent. It is belies ed that the fullers’ earth 
adsorbed the ink and this complex in turn was jieptized readily by 
sodium hydroxide. Indeed tbe combination of fullers’ earth and a’kali 
was almost as elTectne as soap.' 

The alkaline detergents, however, have the disadvantage of disci ilor- 
ing the pulp in the case of mechanical wood-jmlp, turning the latter 
somewhat vellow. d his elTect increases with the concentration of the 
free alkali, d'his disco’oration causes the values of w'hitene‘*s to be 
too low, as measured in the rellectometer. Tt was found, however, that 
the yellow' color could be discharged by acidifying the lailj) with a few 
drops of concentrated hvdnx'hloric acid, tbe latter being added just 
lx*fore the i^reiwiration of tbe sheets of jwiper for the measurement of 
whiteness. 

In one jiarticular experiment with 0.1 N sodium hydroxide the white- 
ness of the paix?r before treatment with acid was 0.694, after the treat- 
ment with acid this rose to 0.7 1 r,. Some yellowing was also observed 

•In thi* connection ci Ra«kcr\ille amt .Stevcn<ion, loc cit., J Ind. Eng Chem., 13, 218 
0021); Wells. I’apcr. 30, 7 11022V 
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with sodium silicate, sodium carbonate and borax. In obtaining the 
data given in 'I’able II for the alkaline detergents, the yellow discolora- 
tion was removed in every case by the addition of dilute hydrochloric 
acid to the pulp after washing. 

Tn one experinKMit the paf>er was |)ulix?d in a hot solution of sodium 
hydroxide instead of a cold one (Cf. Table 11). No improvement in 
de-mking was noted — if anything, a decreased detergent effect resulted.® 

The quantity of neutral salt necessary to prevent any removal of 
ink on pulping was found to be very small. .\ perfectly clear pulping 
li(|uid was obtained with 0.()()1 N solutions of AR la, CaCR or MgCh. 
With 0.001 N NaC'l the jmlping lujiiid was slightly dark with suspended 
ink, this was decidedly the case with 0.01 N sodium citrate. The anti- 
detergent action of the .salts aiipears to follow the order: AlCl.,, CaCR, 
MgC'l j>\aCl>Na t itrate. Hydrochloric and ‘‘ulfuric acids in dilute 
solution showed a similar anti-detergent action, but citric acid did not. 
Apparently adsc^rbed cations oppose de-inking while adsorbed anions 
favor it. 

The de-inking obtained with .sodium oleate solutions of different 
concentrations was next investigated, the jirocedure of the previous 
experiments being em])loyed. The data follow (Table III). 

TABLE III 

I>E-lNKiNr. WITH Sodium Oleate 


drams Stidiuin Olcatc Whiteness Apparent Dc-Inking 
per Liter (Per Cent) 

0 O.6O5 ' 32 

1 0 68., 73 

5 0.79. 100 

10 0.80« 100 

20 0.79. 100 

50 0.79o 99 

1(X) 0.77. 97 


There is a])parently no particular intermediate concentration of 
soap giving a iirontmnced maximum de-inking effect, though a slight 
optimum ^ecnis to exist at a concentration of about 10 grams jXir liter. 
Such a iK)int of ojitimum de-inking might be ex])ected in view of the 
results of McLain, 1 larlxirne and King ^ and of Fall,® who .found a 
decitled ctmeentration-otitimum in the peptizing power of soap. 

A similar series of experiments was carried out with sodium 
hydroxide. In this series, however, a more dilute pulp was employ^ed, 

•A similar decirasi' in tlu- detergent action of soaps with rise of temperature has been 
observed by McFtam an<l confirmed by Fall in this laboratory. Cf MoBain, Harbome and 
King, J. Ph\s. Chetn , 28, 1 (1924); Fall, Cornell Uuiv. Thesis, The Detergent Action of 
Soaps.” 161 (1925). 

» Lor. cit . J. I'hvj. Chem.. 28. X (1924). 

•Fall, Icc. cit, p. 147. 



THE DELINKING OF P)iPER 


321 


10 grams of printed paj^er being puljx*d in ^)00 cc. of tlie detergent 
solution. Since it was found that de-inking is generally m(»re com- 
plete in a dilute pulp than in a concentrated one, the results ohtaitied in 
the present series are not comparable directly with those apix'aring in 
Tables II and III. 

After pulping for 30 minutes, the ])ulp was diluted to one liter and 
two sheets of jjaixT were made dircvtl\ from this pttlj), witbo\ii sub- 
mitting the latter to the usual ])rocess of washing. The remaining pulp 
was then filtered, washed, s(]ueeze(l. and repulped in enough water to 
restore the pulp to its original composition (10 grams ]H*r liter), after 
which sheets of paper were pre|)ared as before. In this series of exjH'ri- 
ments .no hydrochloric acid was added to remove the yellow color, so 
that the whiteness data represent the results got with sodium hy<ln)\ide 
alone and do not nix'e.ssarily measure tlu* actual de-inking accomplished. 
The data follow (Table 1\ ). 


TAHl.K IV 

1)kInkin(. won Sonir.M Hvdkoxidk 
to Krams printed jiapcr pnljied in 900 cc 


NaOll 

Sheets Prepared 

0.5 M 

0.5 .V 

ITom 

After 

original pulp 
repulpiny in IljC) 

0.1 .V 

Prom 

original pulp 

O.l -V 

After 

repulping in 11^0 

0.02 .V 

Fr(m 

original pulp 

0.02 .\^ 

After 

repulping in 1 LO 

0.01 N 
0.01 N 

h rom 
After 

original pulp 
repulping in 


for vH) minutes 

Whiteness 


Color 

'I'op 

bottom 

N’ellowish 

0 ()7o 

0 59, 

•* 

0 t)2; 

0.59, 

ShghtK 

U'llowish 

Slightly 

0 74^ 

0 705 

yellowish 

0.74» 

,0 745 

.Almost no 

yellow 
.Almost no 

0.7Ku 

0.72,, 

yelhtw 

0 75., 

0.74, 

.\o yellow 


OUu 

U07. 

0.f)7o 


It apjxars from these ex])eriments that the greatest w'hiteness is 
obtained when the sodium h\dro\ide lies appro.ximately within the 
limits of 0.1 and 0.02 normal. 'I bis conclusion is an interesting con- 
firmation of the statement by Oerl and rfannmiiller “ wdio recommend 
in de-inking \720 to X/60 .solutions of sodium hydroxide, together 
with tetralin to collect the ink. It is also evident that the yellow dis- 
coloration of the fibers becomes excessive as the concentration exceeds 
the upper of these two limit.s. 

In Table IV it is apparent that the limiting minimum concentration 
of sodium hydroxide lies between 0.02 and 0.01 normal. With a larger 
amount of paper— 50 grams instead of 10 grams~the limiting minimum 

* Loc, cit., Z. angew. Chem., 39, 887 
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CDiireritration was found to lie between 0.04 and 0.02 normal. This 
(liFferenee is apparently the result of adsor])tion of sodium hydroxide 
by tlie libers of the ])ulp, for the actual concentration of base in the 
pulping solution is the factor which really determines the whiteness 
of the pulp, 'rile amount of sodium hydroxide adsorbed by the paper 
was therefore determined (Table V). 

TABLE V 

AiisoRPiiov OF NaOH Poring. Pulping; 

I’apG-r i)iil|H‘(l 30 minutes in 1 liter of solution. 

OriKinal Final 

Coneentration Concentration 

of Pulping of Pulping 

Solution. Solution. 

Crams of P.ip(T Moles NaOlI Moles NaOll Moles NaOlt 


Pulped per later per Liter Adsorbed 

10 OKKK) 0 0056 0 0044 

50 0 1(K)5 0.0806 0.0199 

50 004<K) 0,0252 0 0148 

50 0.0295 0.0185 0.0110 

10 0 0199 0 0113 0 0025 

50 00199 0 0174 0.0086 


'I'he Glala of 'Fable \’ show that the limiting ntininium concentration 
of sodiu.m hydroxide for effective de-inking is approximately 0.02 
luirmal, both ftir the concentrated anti the dilute pulp, provirled the 
concentration of the solution actually in ecjuilibrium with the fil)ers is 
referrcGl to. 

.Some umisually interesting relations were Gliscovefed on studying 
Glifferent methods of canning out the treatment with sodium hydroxide, 
in which the order of adding the alkali waN varied. Runs were made 
as follows : 50 grains of pajier was pulpG^l for 30 minutes with 0.02 N 
N.a()IJ as usual. Next a secoiul run was made, the paper being pulped 
foi 30 minutes in distilled water before adding the alkali. 'Flie alkali 
was then adiU'd directlv to the water and the whole was pulj^ed 30 
minutes longer. A thirGl run like the last was also made, with the 
ditterence that the paper was filtered off, washed, and dried after pul]>- 
ing in water ; the Glided pulp was then repulped in sodium liydrGixide 
for 30 minutes as usual. 4 he results appear in 'fable \’I, several check 
runs being included. 

Pulping the jiaper in water, before the addition of the detergent 
(XaOJl) has evidently a p<nverful retarding action upG^n de-inking. 
It afijX'ars to render the alkali almost inactive. 'Phis {peculiar eflfect is 
probably caused by a redistribution of the ink on the fibers, taking place 
during the preliminary disintegration in water, and tending to increase 
the adherence Gif the carlnin-black to the fibers, so that de-inking is 
made exceedingly difficult, 'fhis explanation is plausible and is in 
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TABLE VI 


De-Inkin(. with Xa( i t ok 

Pkrvioi 

S Pl’MMNC IN 

\V AT tR 

(50 grams uaper iti one liter. 002 \ 
NaOII, pulp acidified with HCl 


W hiteuess 

.\pparcnl 

De’ Inking 

before making sheets) 

a* 

l>t 

c t a ♦ 

lit ct 

(1) Pulped dirccti} with XaOH, 

30 min 

(2) Pulped 30 min. in !L(), then 30 

071. 

0 7(1 

0 70.. 82 

77 77 

min in NaOII. 

0(.3-. 

0 (.2. 

0o3. 50 

42 .50 

(3) Pulped 30 min in ll.C), pulp 





dried, then rcpuliied »10 min 
in N a( ) 1 1 . . . 

0 ()2„ 


41 


(4) Pulped 30 nun. in II.O, no 





NaOH 

0(.(b 

0(4). 

OoO, 32 

30 31 

(5) No. 1(h) al) 0 \e, repulpcil 30 





min. Ill II..O after washing 
out NaOII 

_ 

0 O'k 


7(> 

* Pulped III lead j.»r t l*ul)iid iti 

Hl.lNS J.O 




accord with the ohsertatioiis o 

f P»asker\ille 

and )o\ce.' 

who hav 


pointed out that excessive pulpii^i; imbeds the ink into tlie tibeis in 
such a way as to render its suhseijuent removal imposnble, and who 
aceordmj^ly recommend the mildest possible trcatmi'iit of tlie paper in 
practice. 

Witli sodium oleatc the anti-deleij^c nt effect of pre\ious jmlpinj; was 
similar, hut less pronounced Direct pulping m 0.5 iK.*r cent soap solu 
tion gave a whiteness of 0.79-. corre'-ponding to compl(‘t(* ile inking. 
Following pre\ious jiulping m water, the same solution gave 0.74,-. or 
91 per cent dc-inking. 

The following operimeiit was jierformed to determin(‘ whethi'r or 
not the ink left in the pa|KM* after a previnus treatment with alK.ili could 
be taken out by a .second treatment with the s.'ime detergent. Idfly 
grams of pajier was jiulped in 000 cc. of 0.03 N NaOII. 1 he whiteness 
of the sheets (not blcaclied with llCl) was 0.00,,. The remainder of 
the pulp was squeezed dry and then re-j)ul|)e.(l in 1000 cc. of alkali 
solution of the same concentration as the filtrate from the original pitlj)- 
ing. Since the whitene.ss of the paper resulting from the second tn*at- 
ment was found to l>e 0.f)<S„, it is evident that none of the retained ink 
was taken out. 

Special ex^x^riments ” were carried out with a number of the other, 
detergents. In a series with sodium carbonate 10 grams of jiajK-r was 
puljied with 900 cc, of the solution for 30 minutes, "riie ]>ul]) was 
washed and then repulped in dilute .^alt solution before jirejiaring the 
sheets of paper. 0.2, 0.1, and 0.02 normal solutions gave 0.67o, 0.68r., 
and 0.70o resjiectively, as the values of whiteness, a slight yellow dis- 

at , J. Ind. Eng Ckem , 13, 214 01)21); Joyce. Met Chem hng , 2ri. 242 (1021) 
Performed by Mr. A S Jarccki, as part of hi** Senior rchtarcli. 
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coloration of the fibers occurring only with the most concentrated solu- 
tion. \\ hen aminoniitni hydroxide wa.s tried as de-inking agent, with 
1 .0, 0.1 and 0 02 normal solutions, the rc'-ults were O.Sls, 0.58o, and 
0.65; respectively. With the strong .solution of ammonium hydroxide the 
discoloration of the fibers is evidently quite extreme, for the jiaper was 
much less white than was pai>er }>uliK.‘d in salt solution, in which the 
ink is completely retained (compare 0.51, , with O. 567 , the value for 
0.02 N XaC’l, given in 'fable 11 ). Trisodium phosjihatc was found to be 
about as elTective a de-inking agent «is scxliuni hydroxide, which is 
(juite as one would exjiect it to be. 

A carc'ful study of different kinds (jf “.sodium silicate” was also 
made, for the purpose of finding out whether the presence of excess 
silica has any special effect on de-inking. 'fhree brands of silicate of 
soda were supj>lied by the Philadelphia (Juartz Co., marked ”S,” “O,” 
and “C,” in wliich the SiO^: Na..() ratios were 3.80, and v5.23 and 2.00 
resjiecti vely, as determiiuxl by analysis, 'fen grams Of printed pajier was 
pulped for 30 minutes as usual, the jnilp was washed, and sheets were 
made, 'flic results appear in fable \’ll. 


TABLE Vn 

Dk'Inkinc. with Sodu’m Sii.k atk 


10 graiTi'. paper pulped minutes. Pulp waslietl iu water. 


( 'onceiitration 


l'(juivMlctits Na,() 

••S" Brand 

per Liter SiO, 

: Na,( ) -3.89 

0 2 

0 (>% 

0.1 

0 73o 

0 O.S 

()7L 

0.02 

0 09„ 


\\ liitenesv, - - , 

Brand "C” Brand 

.Si(L: Na, 0 -3 23 SiCL. Nad)--2.0 

— - 0.C3o 

0.723 0.70. 

0 71, 

O.OOo 0 09« 


'file de-inking accomplished by the “S” brand, in which the silica 
ratio is the highest, may possibly be the best, but the advantage, .if 
real, is very slight. Apparently the excess of silica. |>resent as a sol 
in the pulping .solution is unable to exert to a marked degree any 
intrinsic detergeiil action.*- Sodium silicate is a good de-inking agent, 
but there is no evidence that it is .superior to .sodium hydroxide. 

.\ number of other jxissiblc de-inking agents have afso been investi- 
gated in the course of this work, but as the procedure was not controlled 
with the iKvessarv precision, the data have not been included in the 
various tables. Among the colloids, sodium protalbinate and lysal- 
binate, sodium caseinate, .saponin, and a solution of licorice extract were 
found relatively ineffective. The same is true of a saturated solution 
of amyl alcohol. 

»r/. Fall, loc, cit., p. 171. 
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A Quantitative Method of Measuring Detergent Action 

Many methods.’ mostly qualiiatixe and indirect, have ]>een |)ro|K)sed 
for the measurement of detergent action. The l)est of tliese is ])rol)ably 
the method develojXMl hy Mclhiin and his co workers and im))roved 
by Fall’-' in this laboratory. Fall ascertained how much tinelc -divided 
manganese dioxide (s]x?cialty pre])ared by grinding in a colloid-mill) 
could be kept in susi>ension for a definite time by th^ various detergents, 
using a particular experimental procedure. 'Phis gave him a “iMnOj 
value” which was supiiosed to measure the detergent value of the mate- 
rial used. In Mclkiin’s method a so-called “carbon value” was deter- 
mined in somewhat the same way. 

It is an ot^en question whether jiepti/ation methods of this sort 
really measure the elTectiveness of a (letergent in any actual process 
of washing, such as de-inking i.s. Attemjits to measure detergent jiower 
by direct washing tests have thereftire been made,"' but not with great 
success. Stericker carried out a few tests with soiled mechanics 
overalls and concluded that sodium silicate Na .()..ISi( ) . jiossessed s-ome 
real detergent action. Zhukov and Shestakov washed specially soiled 
cotton and concluded that olein soa])s were sUjHU-ior to rosin soaps, 
but no details of their jirocedure were given. Heermann washed s^pe- 
ciallv soiled goods and compared the whiteness of the product with a 
set of “standards” much as we have done in the jiresent work on dc- 
inking. Fonijiarison was m^ide with the naked eye, however, and could 
not have been very accur.ate or trustworthy. 

It is belie\ed that the techniciue developed during the present in- 
\estigation of de-inking can be employed in measuring detergent ])ower 
by direct wa.shing te.'-ts. d'hat the data of Table II represent a fairly 
accurate evaluation of the absolute detergent p(jwer of various de-inking 
agents, has been iK)inted out in the preceding discussion. 'Phe printed 
paix^r serves as the soiled material. 'Phe unprinted jxiper is the standard 
by which perfect cleaning can he determined. The use of the 'Paylor 
rellectometer enables accurate (juantitative measurements to be made, 
''he weak point in the method as de\elo])ed so far lies however in the 
tendency of mechanical wood-pulp to be discolored, es))ecially in alkaline 
‘olutions. With printed book-stock this would not l>e so serious a 
problem. At any rate, the method i.s promising and it will be tested 
thoroughly in the near future. 

»* C/ summary by McTlain. Thud CollouU Keiwirt. Urit As'ioc Adv. of Science (0(20). 

“C/. McBain, Harbornc and King. n> , J Phyx Cherti , 28 , I (1924). 

“Fall, loc. cit.. Cornell l^ntv. IIicmv (1925) „ . , , , 

“Zhukov and Shestakov, Chfm Zt<; . 35 . 1027 (191 1); Stcrickcr, /»</. hnu. Chem . 16 , 
244 (1923); Heermann, Z dent. OI-Tett hid. 44 . 301 , . 378 , 391 (1924); Chem, Ahjtr., 18 . 
3485 ( 1924 ). 
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Summary. 

71ic results of this pajXM* nia) he summarized iis follows: 

1. A laboratory method for the ((uantitalive study of dc-inkinp^ has 
been described and a preliminary report on the results obtained has 
been made. 

2. IVinted newsprint is juilped in a solution of the detergent, the 
loosened and ])ej)lized ink is removed by wa.shing, and the l>ulp is con- 
verted into test sheets (d paper, d he whiteness of these test sheets is 
then measured with a d'avlor relleetometer. d'his value of whiteness is 
used to determine the degree of de-niking, by tomjKirison w'ith the white- 
ness of known nii.\tures of printed and unprinted paper. 

3. Soap (sodium oleate) effects the greatest de-inking. the latter 
being comijlete between the concentrations of 0.5 and 5 per cent. Rosin 
soap (sodium resinate) is less effective. 

4. Alkaline solutions in general are active de-inking agents. Fullers' 
earth increases the detergent iM>wer of sodium hydro.\ide, and gives 
almost as much de-inking as .soap. Wdth sodium hydroxide maximum 
de-inking occurs between the limits of 0.1 and 0.02 moles per liter. 

5. Water alone, without any special deterg(‘nt, removes a large 
amount ot ink. Out the strong acids, the neutral ionized salts (espe- 
cially those with pols valent cations), and the alkaline-earth metal 
hydroxides are anti-detergents, preventing any de inking hv water 
whatsoever. 

(). 1 epical prot('ctiv(‘ colloids, such as gum arahic or gelatin, prove 
to be comparatively ineffective de-inking agents. 

7. The de-inking iniwer of sodium .viheate is not greatly atTected bv 
the Na-jf ) : Si( )■_. ratio. 

tS. l\ise ot temjH'rature apjiears not to increase de-inking jxiwer. 

9. It ]>aper is i)ult)ed in water j)revious to the de-inking treatment, 
the removal of ink becomes much moie difficult. The ink is ground 
into, and retained tirmly by, the fibers. 

10. In the ca.se of soap the ink is loo.sened from the fibers and sus- 
Iiended permaiientlv in the soai) solution so that removal from the pulp 
is ea.sy. \\ ith the alkaline detergents the ink is kxisened but not sus- 
IKMuled, .so that special methods have to be employed in collecting and 
removing the ink. Ibis may he done mechanically by washing the pulji 
in a rajiid stream of water, by adding a collecting agent such as an oil, 
or by the use of a tinely divided .solid in suspen.sion (fullers’ earth) 
which a<lsorl)s the ink and carries it into susj>en.^ion. 

11. 1 he ideal de-inking agent is probably some substance, preferably 
a colloid, which is adsorbed mucli more strongly by ink than by paper, 
and tends to [K'ptize ink. If the substance is a colloid and is adsorbed 
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more strongly by pajxir than by ink, a mordanting action resnlls, which 
tends to bind the ink to the liber. Such an effect has been observed 
with albumin. 

12. If the theory outlined in the last paragraph is correct, detergent 
.jxiwer cann{)t be evaluated by |X‘ptization measurements alone ( methods 
of Mcllain and hall). The t)resent technicjiie, as apt^lied to de-inkitig, 
is offered as a promising method of measuring detergent power. 

Cornell University. 

Ithaca, New York. 



THE SO-C ALLED ADSCJRIDION OF FERRIC OXIDE 
IIYDROSOL HY CHARCOAL 


liy Ak’uii r W. Thomas and Th )mas R. LeC'oaipte 

While the literature diselo.ses many in\ c: ligations on the adsorption 
of “CVystalloidal” eleetrolytes and non-electrolytes hy various charcoals, 
yet the adsorption of inorganic colloidal dispersions hy charcoal has re- 
ceived hut slight attention. Nils Carli ' made some experiments in 1913 
on the adsorption of iron oxide sol hy charcoal. He refers in his report 
to some previous experiments hy hreundlich and J.osev, stating that 
these investigators had lound that charcoal has no apprecialile adsorptive 
power for iron oxide sol, hut that no ((uanlitative data was given. The 
reference cited for this work is not available, and furthermore, h'reund- 
licli, in his “Kapillarchemie ’ makes no reference to the subject. 

In his experiments, C arli used an iron oxide sol obtained from Kahl- 
bauni, and a charcoal “CarlM) animalis ])urissimus F. A.” supplied by 
Merck. He stated that he found this charcoal had practicallv’ the same 
adsorbing power on iron oxide .sol as that of a sjxn'ially acid [lurified 
and washed charcoal prepared in his laboratory. His tc'-t for soluble 
imjnirities in the Merck’s charcoal consisted in shaking two. grams with 
distilled water for three hours, after which the sample was let stand 
over night. ( hemical tests for chloride and sulphate ions in the .super- 
natant liquid were negative. 

As a result of his experiments. Carli came to the conclusions (1) an 
appreciable adsorption existed between animal charcoal and colloidal 
iron hydroxide, (i) Within the limits of the investigation region, the 
adsorption was directly pr()|K)rtional to the quantity of charcoal 
(3) 1 he adsorption was iiulepeiideiit of the volume of the solution, 
and of the (juaiitity of colloid pre.sent in the solution ; i.e., the con- 
centration. 

C arli’s ex|x*rimental results showed that when using the same quan- 
tity of chartxial and varying concentrations of the iron oxide .sol, com- 
plete removal was obtained up to a certain concentration after which the 
amount of iron oxide ad.sorbed remained constant, the average value 
being 0 12^1 gram irtm hydroxide [ler gram charcoal. The.se findings 
indicated that the study of adsorption of inorganic colloidal disj>ersions 
by various aiksorbents, might yiela interesting experimental results. 

‘Z. physik. Chem,, 86, 2G3 72 (1913). 
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It was first attempted to duplicate the results of Carli, To this end 
iron oxide sols of varying purity were treated with highly purified 
Norite charcoal. The te.si exiK'riinents were filtered through S. and S. 
paper #590 (following the example of Carli) and the difference in 
concentration l^etween the original sol and the filtered sol was con.sid- 
ered the quantity that had been adsorbed by the charcoal. An appar- 
ent adsorption was obtained, but the values for the same were very 
irregular— giving curves of a definite trend but irregular in their ])arts. 

Due to the extreme slowne^s with which the sol passed through 
the on-lying bed of charcoal and filter i)<a|K*r. it was decided to try 
centrifuging, taking the aliquot for analysis from the supernatant 
li(juid. This change was etTecti\e. and upon making the next test for 
adsorj)tion, it was found that the su|K‘rnatani li{|uid contained the same 
concentration of iron as the original sol. 'I'his was coniirmed by several 
repetitions at different time intervals, lienee U wa'^ concluded that the 
adsorption ])reviously found could not be attributed to charcoal alone, 
but that the filter pajwr might be involved. 

The sorptive ^ properties of filter i);q)er are well known." 

Method of Investigation. 

The results of the above described tests made it clear that in these 
sorption tests it would be necessary to use the centrifuge in separating 
the adsorbent from the solution of the adsorbate. 

In general, the procedure obser\ed was as follows: Usually one 
gram of a gisen charcoal was weighed and transferred to a 250 cc. 
Xon-Sol glass stopi)ered bottle. 'Vo this, 100 cc. of the sol or solution 
under test was added. The bottle was then turned in a rotati?ig machine 
for the recjuired period of time, when the contents were transferred to 
a centrifuge tube and centrifuged about ten minutes. An aliquot of 
50 cc. of the clear suix*rnatant liquid was transferred to a beaker to 
which 25 cc. of a 3.8 molar sulphuric acid .solution were added, after 
which the liquid was eva]K)rated on a hot plate to white sulphur tri- 
oxide fumes, at which j>oint it was assumed all halide had been re- 
moved. After cooling, about 100 cc. of water were added, and the 
contents heated to boiling, 'i'he beaker was now removed and allowed 
to cool to room tcmjxrature. It was |xnired through a Jones rcductor, 
and the iron determined by titration with X'/IO potassium permanganate 
which had been standardized against Hurcau of Standards sodium 
oxalate. The difiference between the concentiation of iron expressed as 
Fe^Oa per 100 cc. Ixfore and after such a te^t was considered the 
amount of iron expressed as Fe /)3 sorbed by the charcoal. 

• Since the removal of subManers from ‘olution !»y scjinl “adaorbentii" i» not always 
adsorption accordinK to the strict mraninK of this term, the word sorption will be used ’ 
throughout this discufwion. 

•Spring. KolloidZ , 6. 11. 109, 104 (1909); Evans, /. Phys. Ckcm., XO, 290 (1906); 
Murray, J. Phys. Chem , 20, <>2l (1916), I..eighton, J. Phys. C hem., 20, 188 (1916). 
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Preparation and Purification of Materials Used: 


1 Vcjxiration of Iron Oxide Sols. 

A given volume ()f a 2.7 molar ferric chloride solution was diluted 
with an equal volume of water, and to this was added approximately 
10 molar ammonia solution, drop by drop, with constant stirring until 
the precipitated Hocks of hydrous ferric oxide re-dissolved with diffi- 
culty. "i'he mass was dialyzed in collodion bags in running tap water 
for from 4 to 8 hours, after which the tap water in the dialysis jars 
was replaced by distilled water, h’arly in the dialyzing period, the dis- 
tilled water was replaced at least twice each day, while loiter, the water 
was replaced only once per day. Since it was desired to obtain a series 
of sols of graded he/Cl ratio, the contents of the ‘Several dialysis bags 
were united, and a delinite fraction was removed at certain intervals 
of time, say 0^ 17, 23 days, d'he removed sol was bottled and reserved 
for analysis and use. W ith this concentrated sol of known Fe/Cl 
ratio, it was then ])ossible by dilution, to obtain any desired concentra- 
tion of the sol with a known h'e/C'l ratio. 

'riie residue of the sol was returned to fresh collodion bags, and 
dialysis continued. 

Analysis of the \arious sols follows: I'he numbers given the sols, 
have the following significance, e.g., 4-^1 is 4th batch of sols, and this 
is the fraction lemoved after days of dialysis. 

'file iron content was determined by the method already described. 
'The chlorine contiMit was determined either gravimetrically as silver 
chloride, or volumetrically b\ the Wilhard titration. 


TMUAi I 


Iron Oxide Sols 



I'c/Htcr 

Cl/hter 

“Purity” 
Equiv. Fc 

No. 1 )csigiiali(»n 

Kiam-atotiis 

grams-atoms 

Equiv, Cl 

1 4 

0 2050 

0 0343 

17.9 

2 3-7 

0 21o5 

0.0337 

19.3 

3 4 14 

0.1 ()20 

0.0224 

21.7 

4 3 17 

0 1751 

0.0200 

25.6 

5 U--\4* 

0 1431 

0 0146 

29.4 

6 1 23 

0 1225 

0 0119 

30.9 

7 (32 14)32t 

0.1312 

0 0105 

37.5 

8 2-32 

0 1214 

0 0075 

48.6 

• I’rrii.iri'd l)y 1111x111^^ cqu.il xolimus 

of 8 .iiul 3 .ind alli 

It wed to stand 10 

1 days before use. 

t rrrp.irtvl h\ mixttin 1 t; paits vi 

to ii' ii.i> s l)(.-ton' uxf 

nhiiiu' of 8 .Hid i.u 

part by volume 

of s, and allowed 


Charcoals. 

Five different charcoals were used in these experiments, comprising 
the three tyqx's : vegetable, animal and sugar. 

Their characteristics and {mrification are listed below. The data 
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on ash and acetic acid adbor]>tivc ixiwers arc j^ivcn in Table tl and 
Figure I. 

Technical Norite: I sed as delivered coniinerciallv. 

Blood Charcoal: N\>t lairiiied Tsed as delivered by chemical 
supply firm. 

Sugar Charcoal, (b'nnn cane sugar.) I'sed as pureliascd from a 
chemical supply firm. e\cei)t that it vva.s ground to ])ass a 70 mesli'sieve. 

Purified Xante. A (juantitv of technical Norite was covered with 
6 molar hydrochloric acid and then healed to about SO" After stand- 
ing about a week at room temjx'ratnre. the mass wais transferred to an 
extraction column provided with a linen filtering membrane at the 
bottom, and the hydrochloric acid solution drawn through completely 
with the aid of suction. Distilled water was added, and after some 
time, drawn out with complete evacuation as before. I'he charcoal 
was repeatedly washed with distilled water until a sample, ujmhi being 
withdrawn, treated with dilute sulpliuiic acid and filtered. gavt‘ only a 
very faint test for chloride ion. 'I'his washing jirocess re(|uired about 
10 weeks. 

d'he charcoal was now tran^'t’erred in the barely moist condition 
to a large Pyrex ilask and dried in an electric oven at lO.S'^ (’. for about 
two days, after which the Ilask was heated to an average of about 
150° C. in a sand bath for about 10 hours under reduced pressure 
(vacuum pump). Piion cooling, the charcoal was spread out in glass 
crystallizing dishes and allowed to (oine into nioisiure-eipiilibrium with 
the outside air, ddie portion jiassing 70 mesh and retained by 200 me.sh 
was used in the experiments. 

Purified Bone Charcoal: animal Charcoar' purchased from 

a chemical sipiply firm was pmifie<l in the same manner a^ described 
under Purified \orite. .^iiice the sample consisted in the main of very 
fine particles, it was |>assed tlirougb a UK) mesh sieve and that portion 
retained on the sieve was used in the exiM'riinenls. d'liis ainounled to 
about 100 grams out of a total of grams. 

The reaction of the vvatei '•oluble extract was determined by sus- 
jiending one gram of charcoal in HK) cc. of distilled water in a ])rc- 
viously steamed XoinSol bottle. \l the eiul of twenty days the pi I 


values of these aijiieous extracts were : 

Technical Xoritt* 

9 58 

Purified Nontc 

4 87 

Blood Charcoal . 

7 f/j 

Sui^ar Charc(»al . 



Purilied Bone ( h.ircoal . 

4.92 


In view of the great diversity in the purities of charcoals used by 
various investigators, as disclo.sed by the literature on charcoal adsorp- 
tion, it was considered desirable to establish more .satisfactorily the 
degree of purity of the purified Norite and purified animal charcoal. 
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I 'or this jHirposc, ^^old sols were obtained through the kindness of 
Mr. J. IL Young. These sols were |)rej)ared by Messrs. F. Low and 
(i. h'. Rugar, who are engaged in research on gold sols under Professor 
H. T. Reans, 


ACETIC ACID ADSORPTION CURVES FOR 
CHARCOALS. ROOM TEMP 48 HRS. EXPOSURE 



Fig 1 


The description of the ^ols and the tests ai)plicd follows: 

Gold Sol No. 1. Itrcdi}.! sol AltcriialiiiK currcMit. KCl electrolyte. 0.0(>38 ems. 
All per KK) ec 

Gold Sol No 2. Hrcdig sol. Direct current. 0.(X)1 M. NaCl electrolyte. 0.0592 
gins. An [ler KK) cc. 

Gold Sol No Itrediy: sol. Direct current. 0(K)1 M. NaCl electrolyte. About 
0.02 Kors. An i)er KK) cc. 

Test No. 1. KX) cc of ^old sol No. 1 were treated with 0.5000 gniv. of Purified 
Hone ( harcoal I^xpoMire wa.s coutiiuieil si.x days with fre- ' 
queiil agitation. 5t) cc. of the supernatant sol were analyzed. The 
content of gold wms found to be 0.0650 gins. Aii per 100 cc. The 
sol had. not e\en a suspicion of a purple color. * 

Test No. 2. IW cc. of gold sol No. 2 were treated with 0.5000 gms. of Purified 
Norite. ICxposure was continued six days with frequent agitation. 
At the end of this time, the content of gold was found to be 0.0582 
gms. An per KK) cc The color of the sol had not changed. 

Test No. 3. About 50 cc. of gold sol No. 3 were treated with 0.5000 gms. of 
‘‘C. P. Animal Charcoal” (purchased from a chemical supply firm). 
In a few minutes the color of the sol, which was originally reddish 
purple, began to go through changes of color, becoming more blue. 
Py next morning, the sol had been completely precipitated, and the 
liquid was water white. 



TABLE II 

Characteristics of Ash of Charcoals. 5 Gms Ashed in Platinum Dishes in Muffle Furnace 
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Alkaimtty. expressed as Na«CO« = 6.1 per cent of total ash. (M.O. indicator.) 
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Discussion of Errors. 

An error in titration, of variable imix)rtance, probably entered into 
most of the analyses. 1‘robably, for average differences in the condi- 
tions under which the successive titrations are made, the average total 
error, after calculation to 100 cc., amounts to from 0.0005 to 0.0010 
grams J'ejO.T. This is a i)lus-minus error, and is considered to he the 
most important one entering into the analyres. 

\'ery pure iron oxide sol exhibited a tendency to cling to glass, 
possibly due to superficial ])recij>itation by alkali. This was noticed 
more ])articularly in sols of high concentration and very high purity. 
Since the diluted sols u.sed in the sorption tests were, with the exception 
of .sol not of an extreme purity, there was no viMhle evidence of 
such a surface effect. After a .sol has been treated with a charcoal, 
its purity will have increased due to the removal of at least some hydro- 
chloric acid, 'fherefore any error arising from this source wauild he 
a i)lus error, i.e., it would increase the apparent sorption. 

In (piite a number of instances centrifuging did not remove com- 
])letely a very tine charcoal .suspension from the iron oxide sol. This 
charcoal occujiied a definite volume, causing the aliquot for analysis 
to contain slightly less total iron than it should. It is believed that in 
no case did this error exceed 0.2 cc., which for a sol containing 0.18 
gram per 100 cc. would entail a maximum plus error of 0.0004 

gram l*e,.( )j. 


Tests of Sorption of Iron Oxide Sol by Various Charcoals. 

A series of eight (hint ions were made of three sols, one very “im- 
pure, one of average “purity,” and one of high “purity,'’ namely: 
sols #1. #5, and #7. 

J he coticentrations of these diluted sols ranged from 0.232 gram 
Fe,.( Vliter to 2.75^> grams FeTViiter. 

J*ortions of one gram of the charcoals were treated in glass stoj>- 
|x:red Non-Sol bottles with 100 cc. of the sol. Contact was maintained 
5 days, during which the bottles were rotated at least 12 hours, and 
agitated at intervals during the remainder of the period. 

After centrifuging, 50 cc. aliituots were withdrawn from the sujx?r- 
natant sol, and anah'zed for total iron content, calculated in terms 
of FcsOa per 100 cc. 

The results are tabulated in Tables III to V. 
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TABLE III 

Sorption of Ferric Oxide Hydrosol No. 1 ry Various CuARtOAi.s 


^ = 17.9 

Purified 

Norite 

Purified Bone 
Charcoal 

Sugar 

Charcoal 

Cl 

Fe,0, 

Fe^Oa 

h'e:Oi 

Fe,Oa/100cc. 

sorbed 

sorbed 

sorbed 

mgs. 

mgs. ♦ 

m«s. * 

mgs ♦ 

36.6 

1.8 

0.0 

0 5 

68.4 

1.6 

0 2 

1.3 

106.1 

1.8 

0.5 

0 1 

128.0 

1.6 

0 3 

1 6 

165.1 

1.3 

14 

0.2 

208.8 

23 

06 

1.0 

240.9 

1.3 

00 

03 

275.9 

0.7 

09 

0 5 


TABLE IV 

Sorption of IT.rric ()xri»E Hvdrosoi. No 5 uv Varum’s Chariom.s 


11 

I’urified 

Norite 

Purilkd Bone 
Charcoal 

Sugar 

Charcoal 

u 

FeaO, 

Fe/L 

I'ckL 

FCaOs/lOO cc. 

sorbed 

sorbet! 

stirbed 

mgs. 

mgs. ♦ 

mgs * 

mgs. * 

29.6 

0.5 

0.4 

12 

60.1 

1.8 

00 

1.0 

81.9 

1.0 

14 

1 3 

117.6 

1.3 

12 

10 

148.8 

0.3 

13 

0,0 

178.4 

2.3 

0 5 

1 3 

201.0 

2.0 

1 1 

0.2 

228.6 

0.0 

23 

0.6 

Sorption of 

TABLE V 

Ferric Oxide Hydrosoi. No 7 ry N'arious 

Charcoai s 

^ = 37.5 

Purified 

Norite 

Purified Bone 
Charcoal 

Sugar 

Charcoal 

Cl 

Fe,0, 

1H:0, 

h'ejC),, 

Fe,O,/100 cc 

sorbed 

stirbed 

sorbed 

mgs. 

mgs. ♦ 

mgs * 

mgs. ♦ 

23.2 

07 

12 

0 1 

33.2 

0.9 

0 4 

1.2 

59.1 

0.8 

08 

1.2 

73.9 

0.0 

1.3 

1.5 

102.8 

0.1 

1.3 

1.8 

117.5 

0.8 

1.6 

0.3 

153.0 

0.5 

1.5 

1.2 

181.2 

1.6 

1.2 

1.2 


* Difference between the oriKinal concentration and the t<juihbrium concentration. 
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Considering about 1 milligram of Fe-f i>er 100 cc. to be the experi- 
mental error in these tests, it is apparent that highly purified charcoals 
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have no sorptive capacity for iron oxide sol within a period of exposure 
of 5 days. 

In order to find whether exposure of the iron oxide sol to purified 
charcoal for a lonj'cr period of time would give positive sorption, the 
following ex^x^riment was made. 

Iron oxide hol #8, Fe/Cl “ 48.6, a sol that is so highly dialyzed 
that it is extremely easily precii)itated by electrolytes, was diluted to 
a convenient strength and 100 cc. j)ortions run into a series of Xon-Sol 
bottles to which exactly 1 gram jX)rtions of purified Norite had been 
added. Two blanks were run without charcoal. 

The results (obtained are shown in Table VI. 

TABLE VI 

t ni- 1iMF. ON SoRinroN of Ferric Oxide Hydrosol 

Period of exposure days 4 6 8 13 20 27 36 

FcaO, adsorbed mgs. 1.5 16 1.2 --0.3 1.6 1.3 —1.5 

Since in all the experiments here given, the ratio of one grain of 
charcoal per 100 cc. of .m)1 was always used, and in view of the fact 
that Carli u.sed a ratio of charcoal as high as two grams per 20 cc., 
it was considered advisable to test the effect, if any, of variable ratios 
of charcord. d'able \TI gives the results of these tests, which were 
run for a period of twenty- four hours, and in which sol :^5 (diluted) 
was used. 

TABLE VII 

Effect of Amount of Ciiar<.oal on Sokition of Ferric Oxide Hydrosol 
Purified Bone Charcoal treated 

with 50 cc. sol gms. 0 5 1.5 2.0 2 5 3.0 

FeaOa adsorbed mgs. —3.1 —1.1 —2.7 —08 —5.0 

Still higher ratios of charcoal were used, but it was found extremely 
difticult to centrifuge out the charcoal, so that the analytical data ob- 
tained was meaningless. These results indicate a negative sorption, 
and in \iew of the ex|>erinients cited previously, an absence of positive 
sorption by purified charcoals, even when the mass of charcoal used is 
relatively great. 

Action of Technical Norite on Iron Oxide Sols: 

With these apparently wholly negative results for sorption of iron 
oxide sols by imrified charcoals and by sugar charcoal, it became of 
interest to detennine the character of .sorption, if any, ;by ordinary 
technical, or unpurified charcoals. 

Preliminary tests indicated rather high i>recipitative power by both 
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technical Norite as well as by blood charcoal. In these preliminary 
tests, quite outstanding results were obtained with the weak concentra- 
tions of the sol, — the sol flocculating, and settling out, with a clear water 
white supernatant liquid. The weaker the sol, the more rapid was 
this action. The flocculation and settling out taking place in ix*ritHi.s of 
time varying from' 10 minutes to 24 hours. 

In those tests in which there was not a complete j)rc\Mpitation of the 
sol, so far as observation went, there had been no change in the sol, 
but later quantitative data make it apiK*ar that at least in the case of the 
technical Norite, these sols must have changed in constitution, probably 
becoming “more pure,” i.e., the ratio of hT/Cl becoming great(‘r. due 
to removal of hydrochloric acid in hydrolytic or (»thcr ef|uilil)riuin with 
the ferric oxide sol micelles. 

It should be explicitly .stated that when the technical charcoal causes 
the complete flocculation of an iron oxide sol. the action involved is 
not adsorption. The iron oxide flocks settle out with their chatac- 
teristic brick color on, over and between the charcoal particles, the 
sediment occupying several times the volume of the charcoal. 

Due to the high precipitating power of the technical Norite, it was 
decided to use 0.1 gram iX)rtions. 1'hese weighed portions were placed 
in 250 cc. Non-Sol bottles. Tortious of iron oxid(‘ sol amounting to 
100 cc. were added and rotated for the given period of time I'inally 
the centrifuged sol was analvzed for total iron content in the manner 
already described. dTree sols of widely difTering '•purity" were used. 
The results arc given in Tables VI II, IX and X, and in bignre 2. 


TAULE VIII 


Precipitation of Iron Oxipk .'^ol No. 2 iiv Tecunkai, Nokii'f 


0 1 gram Technical Norite. KX) cc. portions of (liluted sol No. 2. Icquivalciit 
■ Fe/Cl -- 19..I Icxposure 4 days 


Concentration of the 
Diluted Sols (Ci) 
Fe,O,/100 cc. 
mgs. 

24.3 
41.9 

49.5 
74.2 

80.5 

85.5 

93.4 
135.6 

226.3 

389.3 


Concentration of the 
Treated Sol ((,i) 
Fe,C),/l(X)cc. 
mgs 

0 . 0 * 

00 * 

0.0 ♦ 

6.1 
54.3 
85 7 
93.8 
130 7 
228 7 
391 5 


•Supernatant liquid gave a negative tcM for frrnc ion, 
•od and ammonium thiocyanate. 


h Cat la 

Precipitated 

(C'.)--(C,) 

mgs. 

24.3 
419 
49.5 
68.1 
25.1 
- 0.2 
-0.4 . 

- 1.1 
— 2.4 
- 2.2 

when treati'd with hydrocliloric 
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TABLE IX 

Prkc imitation of Iron Oxide Sol No. 4 by Technical Norite 

0.1 Kram Technical Norite 100 cc. pnrtioiLS of diluted sol No. 4. 
Ivfluivalent h'e/Cl — 25.6. Expo.sure 4 days. 


Cnnccntration of the 

Concentration of the 

FesOa 

Liliited Sols (Ci) 

Treated Sol (Cj) 

Precipitated 

hc/)yi(X)cc. 

Ee/)./100cc. 

(C0-(C,) 

mgs. 

ings. 

mgs. 

37.5 

0.0 

37.5 

85 9 

00 

85.9 

100 5 

0.0 

100.5 

105.4 

0.0 

105.4 

110.0 

00 

1100 

1159 

5 9 

110.0 

1192 

11.5 

107.7 

123 2 

38 3 

84.9 

126.4 

69.8 

56.6 

129 5 

72.5 

57.0 

134.7 

1014 

33.3 

140 6 

128 2 

12.4 

203 7 

205.0 

-1.3 

267 1 

269.0 

— 1.9 


TABLE X 

PrK( IFirAIloN OF hl'RKK OxiDE Soi. No 6 BY TeCHNKAL NoRITE 


0 1 grain Technical Norite. 100 cc. portions of the diluted sol No. 6 
E([ui valent Fe/Cl — .10.0. Exposure 80 hours. 


C'oncenttation of the 

Concentration of the 

FCjOs 

Diluted Sols (C,) 

Treated Sol (Ci) 

Precipitated 

I'e 30 ../l(X)cc. 

Fe,O./100cc 

(C0-(C.) 

mgs. 

mgs. 

mgs. 

111.0 

00 

111.0 

122 1 

0.0 

122.1 

140 2 

0.0 

140.2 

148.9 

4.7 

144.2 

154.1 

7.3 

146.8 

159.9 

35 6 

124.3 

174.9 

91.8 

83.1 

179 4 

111.7 

67.7 

194.8 

174.5 

20.3 

221.9 

219.6 

2.3 

284.1 

285.9 

— 1.8 

312.6 

314.6 

— 2.0 


The data in the three furcphiig tables show thre^" distinct effects : 

1. With the weaker sols, there is complete flocculation, with a clear 
water white supernatant liquid. 

2. The mid-figures show incomplete precipitation. In this region, 
the completeness of juecipitation decreases as the concentration of the 
sol increases. The centrifuged ''ol is turbid and may more properly be 
called a fine suspension. 

3. At higher concentrations, there is no precipitation. To all out- 
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ward appearances the sol has suffered no chanj^e. 
parent and of the same approximate color. 


It is clear, trans- 


ACTION OF TECHNICAL NORITE ON FERRIC OXIDE SOLS. 

I60i 


'a’Se. Cz Values Plolfed 
in accordance with 
Freund! ich'5 Method 


IRON OXIDE SOLS 
dQ2-Fe/CI 19 3 
No d •• 256 


(Cl Cl) l'a/ue:> Plotted 
o\- /Igoinst Cl (Original- 
Concent! ahon Fez Cj ) 



]/ 

A 


- 


\ 


\ 


— 



A 



X 

\ 

i 

L 


\ 

— 


0 20 'to 60 SO 100 120 MO 160 /SO 200 220 
(C) Original Concentration, mgs Fe^Oj per 100 cc. 

I ! 

^ ' ' 


I 


I 


I 




40 60 60 100 120 140 160 180 200 220 240 260 280 300 320 ^ 4 ) 360 


(C^ Equilibrium Concentration, mgs. FezOg per 100 cc 
l-K. 2 


In accordance with ciistoinarx adsorption curves, the data have 
been plotted with the “he,(), precipitated” on the vertical, and the 
equilibrium concentration ol ferric oxide on the horizontal. ( in ves 
are also given in which the original eoiicentralion of fcriic oxide is 
expressed on the horizontal axis ( higure 2). 

Action of Blood Charcoal on Iron Oxide Sols: 

V\'ith these at first wholh unexpected results at hand for technical 
Norite, it wa.s decided to make similar tests with a charcoal of animal 
origin. At tirst, hone charcoal was tested (|nalitalively for its precipi- 
tating power on iron oxide sol I his was found to he so gieat as to 
be unfea.sible from the viewpoint of the analytical procedure. Small 
quantities of the charcoal would require very high coiicenlration of sol 
in order to avoid complete jirt'cijiitation. 

I’.lood charcoal wa.s tried, and it aho was found to have hitjh pre- 
cipitating i>ower, but less than that of the bone charcoal. Hence it 
was decided to use blood charcoal in a scries u( ejuantitative tests. 
For the purpose of limiting the reciuirements of supply of iron oxide 
sols, 0.05 gram ixjrtions of the charcccal were treated with SO cc. [tor- 
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tions of the sols. The results of these tests are given in the Tables XI, 
XII and XIII, and in h'igure 3. 


TABLE XI 

rKKCllMTAriON OF IrON OxiDE SoL No. 2 BY BlOOD ChARCOAL 


0.05 gram Blood Charcoal. 

50 cc. of the diluted 

sol. 

Equivalent Fe/Cl = 19.3. 


l*!xposiire 50 hours. 



Concentration of the 

Concentration of the 


FeaO, 

Diluted Original Sols (Ci) 

Treated Sol (C») 


Precipitated 

EcaOyiOOcc. 

FcaOa/lOO cc. 


(C0-(C0 

mgs. 

mgs. 


mgs. 

209 3 

00 


209.3 

274.3 

0 0 


274.3 

315 « 

27.4 


288.4 

340.5 

153.7 


186.8 

345 6 

313.7 


31.9 

373.0 

370 5 


2.5 

390 f, 

391.0 


— 1.0 


TABLE XII 



I’kK( Il’ll AtFoN 01 

Ik(>n Okikk Sol. No 1 

HY 

Blood Charcoal 

O.OSO gram Bhjod ( harco.il. 

50 cc of the diluted 

sol. 

F'qui valent Fe/CI = 17.9. 


I'.xposure 48 hours. 



Concentration of the 

Concentration of the 


FcaOj 

Diluted Original Sols (C t ) 

Treated .Sol (C'a) 


Precipitated 

Fe.Oa/KKlcc. 

h'e.Oj/KX) cc. 


(Cx)-(G) 

mgs. 

mgs. 


mgs. 

205.0 

0.0 


205.0 

212.1 

9 4 


202.7 

214.0 

10.3 


203.7 

218.7 

61.2 


157.5 

231.0 

69.0 


162.6 

240.2 

183.2 


57.0 

247.1 

207.7 


39.4 

253.4 

251.2 


2.2 

305 3 

304.3 


1.0 

302.7 

361.8 


0.9 

002.3 

605.5 


-3.2 


TABLE XIII 



TrEC lIMTAriON OF 1 

Ikon Oxide Sol No. 6 

HY 

Blwd Charcoal 

0.05 gram Blood Charcoal. 50 cc. <liluted sol. 

Enuivalent Fe/Cl = 30.9. 


Exposure 50 hours. 



Concentration ot the 

Concentration of the 


F e20s 

Diluted Original Sols (C’t) 

Treated Sol (Ca) 


Precipitated 

Fe,Oa/10() cc. 

Fe,Oa/100 cc. 


(C0-(C.) 

mgs. 

mgs. 


mgs. 

479.2 

0.0 


479.2 

527.1 

0.0 


527.1 

551.1 

0.0 


551.1 

599.2 

5.9 


593.3 

707.7 

230.6 


477.1 

765.8 

514.9 


250.9 

788.0 

5402 


248.4 

842.3 

801.4 


40.9 
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ACT/ON OF BLOOD CHARCOAL ON IRON OXIDC SOLS. 


73"CCj Cz)&C Values 
Plotted in accordance Too^ 
with FreundUch's Method \ 

IRON OXIDE SOLS. 

Ah.l-Fe/a - /7S 

Ah.2 - /9.3 
No.6 - 30.9 


(Cj-C^) Values Plotted 

_ annm^t C.. fOrlji’in/tl „ 




0 too 7003004005006007009009001000 
(C,) Original Concentration, mgs.FeiOy perlOOcc. 


'■ 0 10 70 30 40 50 60 10 60 90 too 

' (C^ Equilibrium Concentration, mgs. FOiOj per 100 cc. 

Fig. 3. 


Precipitation Across a Membrane: 

Another exj^eriiiient should i)c descnhed here, in siijiport of a pro- 
])osed explanation for tliis tvix* of curve, to be stated iniincMliatcly 
hereafter. 

A [>ortion of technical Norite ainountinj^ to one ^rain was placed 
in a small collodion bag, attached by stopper to a funnel, and water 
added through the funnel, 'i'he bag was immersed about two-thirds 
of its depth in an iron oxide sol, contained in a bottle and protected 
from the air by another stopper, through which the Mem of tht* funnel 
])assed. By the next morning, sufficient soluble impurities had dilfused 
through the walls of the bag to ])rodiice a complete precipitation of the 
iron oxide sol, leaving a clear water white supernatant liquid. 

This test was repeated, using hlood charcoal with the same result, — 
the precipitate in this case being less gelatinous and more flocculent, — 
the sol was conqiletely precipitated. 

The same test was rejieated using purified animal charcoal, purified 
Norite and sugar charcoal, continuing the exjiosure at least three days 
in each case, and in the case of these three charcoals, there was no sedi- 
ment or precipitation, and apparently there had been no change what- 
,ever in the sol. 
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Explanation of the Precipitating Action of Technical Grade Char- 
coals on Iron Oxide Sol: 

The explanation offered for this type of curve is the one that seems 
obvious at first tliou^ht, and in fact possibly the only one that can fit 
the facts in the case. 

Turified charcoals are found to have no precipitating effect on iron 
oxide sols, while technical grade charcoals containing soluble mineral 
substances arc' found to have quite characteristic precipitating action, 
even through a collodion membrane. 

Considering any one of the curves, c.g., Figure 2; Action of 0.1 
gram portions of technical Norite on sol #6'^ In this quantity of the 
technical Norite, there is a given quantity of soluble electrolyte which 
diffuses out into the .sol. This quantity of electredyte exceeds the 
liminal value of the sols of the dilutions up to 0.154 gram iron oxide 
per 100 cc."* and there is complete precipitation. With a sol of very 
slightly higher concentraticju of iron, e.g., 0.160 gram iron oxide per 
100 cc., there is prc'.sent a slight exc'ess of iron oxide with its stabilizing 
electrolyte, sufficient to hold the iron oxide up in the state of a muddy 
suspension, but not enough to keep the whole mass in a true transparent 
colloidal state. It is believed that this is the state throughout the 
sharply dropping region of the curve. When the sol contains as much 
as 0 20 gram iron oxide per 100 cc., no precipitation occurs. The sol 
remains transparent, and to all outw'ard apjx^arances, is unchanged. 
It is believed, however, that the condition of the sol at this ix)int of 
the curve is that state of highe.st “purity,” i.e., greatest Fe/C'l ratio, at 
which the sol can remain clear and stable, 

I'he explanation jiroposed for the precipitating action of blood 
charcoal on iron oxide sol is the same as the foregoing. 

d'he fact that when the maxima points of the precipitation curves 
( h^igures 2 and 3 ) arc plotted agaimst the “purity” of the res|x^ctive 
sols straight line curves are obtained (Figure 4), is another indication 
that the functioning of the liminal value principle is responsible for 
the characteristic features of ihc.^e precipitation curves. It is known 
that the ”]nirer” the .sol, the more easily it is precipitated by electro- 
lytes. Thomas and h'liedeiN’ believe that the stability of ferric oxide 
sol, stabilized by ferric chloride, is due to the solubility (solution forces) 
of the adsorbed ferric chloride in the disj^rsion medium. Hence the 
“purer’* the sol, the more easily electrolytes should precipitate it and 
the lower its liminal value should be. Quite in harmony with this 
indication is the finding of Weiscr and Nicholas ® that for an iron oxide 
sol of given purity the “Ratio of Precipitating Values” (i.e., Ratio of 

•* The total iron eontmt i.h expressed as Fe 203 for convenience, and as an approximation 
of the true state of the iron 

•Thomas ami Fneden, J. .*lm Chem. Soc., 46. 2522-32 (1023). 

•VVeiscr and Nicholas. J Phys. Chtm.. 26. 743 (1921). 
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concentrations of electrolytes necessary to j;i\e coin])lete precipitation) 
when plotted against concentrations of variims dilutions of the sol, 
gave a straight line curve almost at forty-live degrees, particularly 

relationship of maximum points of iron oxide 

PRECIPITATION CURVES 


Pomts tahen from Figures H SUL 



for high valence precipitating ions, which makes the liminal value of 
an iron oxide sol of given purity approximately directly pro|x)rti(»nal 
to its concentration, the more concentrated the sol, the greater the 
liminal value. 

Action of Charcoals on Ferric Chloride Solutions. 

In order to obtain information concerning the com]x)nent of the iron 
oxide sol involved in these ]>recii)itations by technical charcoals, tests 
were made with all five charcoals ]n*e\iously named, on ferric chloride 
solutions. The charcoal .sam])les were treated with the freshly pre- 
pared ferric chloride solutions, hecau.se at the concentrations used, 
within several days, hydrolysis materially altered the ap|)earance and 
transparency of the solutions. 

One gram portions of charcoal, in Non- .Sol glass stoppered bottles 
were treated with 100 cc. jx)rtions of a series of diluted ferric chloride 
solutions for four days. During this j^ieriod the samples were rotated 
at least 12 hours, and shaken by liand at intervals during the remainder 
of the period of the test. They were finally centrifuged, and 50 cc. 
aliquots were withdrawn for analysis in the .same manner as already 
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stated for analysis of iron oxide sols. The total iron content was 
calculated to P'eCl.T 

The results for purified Norite, purified bone charcoal, and sugar 
charcoal are given in Table XIV ; for technical Norite in Table XV and 
Figure 5 ; and for blood charcoal in Table XVI and Figure 7. 

TABLE XIV 

SokcrroN ok I-'krkk Ciiloriuk hy Various Charcoals 


1 gram cliarcoal KX) cc. I’ftJs solution. Exposure 4 clays. 


Stock 

1 ’ll ri lied 

Purilied Bone 

Sugar 

Solution 

Norite 

Charcoal 

Charcoal 

FeCh per 

Fed, 

FeCl, 

h'eCl, 

100 cc. 

Sorbed 

Sorbed 

Sorbed 

mgs. 

mgs ♦ 

mg.s. ♦ 

mgs. * 

54.0 

3.8 

0 9 

1.1 

50.6 

22 

0 2 

1.4 

66.8 

2.8 

05 

1.2 

78.4 

2 5 

0 1 

2.4 

85.5 

3.0 

0.4 

0.4 

1188 

2.6 

1.3 

1.3 

240.6 

53 

3.3 

2.3 

345.5 

4.9 

3.3 

5.0 


• DifTcrcnce between original and equilibrium concentration of iron expressed as FeCl*. 

Note: The centrifuging removed the Sugar charcoal and the puri- 
fied animal charcoal perfectly, but was not (piite so effective in the 
case of the purified Norite. 

During the time interval of these tests, the stock solutions from 
which the 100 cc. test ixirtions had been withdrawn, became quite 
turbid, while the centrifuged charcoal-treated solutions were i>crfectly 
iransiiarent, the degree of color decreasing toward the higher concen- 
trations. 

Idle foregoing table shows the absence of any a]>preciable sorption 
of ferric chloride by purified charcoals. 

In the cases of technical grade charcoals, positive removal was ob- 
tained, as shown by Tables XV and XVI and E'igures 5 and 7. 

It was noted that the supernatant liquid iir the reaction bottles 6 
to 13 (Table XV) graded in color from yellowish brown to reddish 
brown. These colors were at)preciably darker than those of the original 
stock solutions of ferric chloride used in the tests. As long as the 
reaction bottles were unoix^ned the graded range of color was not 
|>erfectjy apparent to the eye. but about one week after the bottles 
had been opened for withdrawal of sample for analysis, the graded 
colors had developed quite characteristically. 

To determine whether the brown color was due to the presence of 
(erric oxide sol, about 15 cc. of the contents of test bottle #\0 (Table 
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TABLE XV 

Action of Tfxhnicai. Nokite 1’i‘on Fkkric Chloride 

I gram technical Norite. 1(X) cc. of the diluted FeCU solution. Rotated 24 hours. 
Exposure 5 days. 



FeCl/lOOcc. 

F'eCh/lOO cc. 



in Original 

in T reated 

I'cCl, 


Stock Solution 

Solutiuns 

Precipitated 

No. 

(C) 

(CO 

(C0-(C;) 

mgs. 

mgs. 

mgs. 

1 

540 

0.0* 

540 

2 

57.1 

0.0* 

57.1 

3 

59.6 

00* 

59 6 

4 

59 9 

00* 

599 

5 

64.8 

5.6 

59.2 

6 

66 8 

37 3 

29.5 

7 

73 6 

57 5 

16.1 

8 

784 

64.4 

14.0 

9 

85.5 

74.3 

112 

10 

1188 

1102 

8.0 

11 

2406 

2320 

8.6 

12 

3290 

320.1 

8.9 

13 

345.5 

334 0 

11 5 


** Tests for ferric ion with aininoiiiuin thnic>anatc wore negative 

ACTION or TECHNICAL NORITE ON FERRIC CHLORIDE SOLUTION 


I 

G 


"a " (Cj - C2) and (C2) Plotted 
m accordance with 
FreundhcRs Atethod 


(Ci -02) Plotted against Cj 
( Original Concentration 
oTFeClj) 




fCj)- Orujinal Concentration, mgs. Fe Clj / 100 cc 
”T' 




J_l L 


0 20 40 60 80 fOO 120 140 I 6 O 180 200 220 240 260 280 300 320 340 360 380 
(C2)-Tquilil)rium Concentration, mgs Fed j per 100 cc 


Fig. 5. 


XV) was filtered through ordinary filter paper into a test tube shaped 
collodion sack and dialyzed against 200 cc. of distilled water for 24 
hours. At the end of this period of time the contents of the sack had 
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gained in transparency and gave every appearance of a dilute reddish 
brown ferric oxide sol. The dilYusate was colorless and showed but 
an exceedingly faint test for ferric ion. 

dlie content of the sack was divided into two equal portions. To 
one portion, a pinch of sodium chloride crystals was added, and both 
liquids centrifugcfl after a few minutes. The half that had received 
the sodium chloride gave a water white sui>crnatant liquid and a sepa- 
rated s(jlid while the rjther half had not been altered in apj)earance. 

This proves that the sack contained ferric oxide hydrosol. This 
transformation of ferric chloride to ferric oxide sol seems to be most 
pronounced in that region of the curve corresponding to the rapidly 
falling ixjrtion. 

That this is to be expected when ferric chloride is treated with any 
alkaline charcoal, i.e , practically all vegetable charcoals, may be seen 
from the following consideration. 

h'erric chloride in acpieous solutioii is always in hydrolytic equilib- 
rium with hydrochloric acid. ( )ne way of representing this hydrolysis is : 

Te Ch -h H , () ±:; Fc,>O n + IlCl 

It is to be noted that the iK^rtion of the equation underscored represents 
iron oxide sol, which is freijuently expressed as x Fe-^Oa, y FeCh, 
z liaU. 

Upon treating ferric chloride solutions with technical Norite, the 
alkali ot the latter, at the lower dilutions of the ascending |X)rtion of the 
curve (higiire 5), neutralizes all the hydrolytic hydrochloric acid pro- 
ducing complete [iiavipitation. At the higher concentrations of the 
ascending portion of the curve, the alkali neutralizes sufficient of the 
hydrochloric acid to produce iron oxide sol, which, however, does not 
t>ersist, due to the precij>itating or salting out effect of the electrolytes 
liresent. b'or the descending portion of the curve, the ferric oxide sol 
there foimed iiossesses sufficient stabilizing ferric chloride to withstand 
the precipitating effect of electrolytes present. The solutions repre- 
sented by the horizontal portion of the curve may be considered as 
ferric chloride solutions of decreasing degrees of hydrolysis, or as 
ferric oxide sols of decreasing degrees of purity. 

\\ hen ferric chloride is precipitated by an alkali, the hydrous iron 
oxide cannot remain uiidissolved in the presence of exccs^ ferric 
chloride solution. Thomas Graham ^ proposed a method of preparing 
iron oxide sol by agitating hydrous ferric oxide with ferric chloride 
solutions. 

C )nc might question whether this can occur in the presence of char- 
coal. To answer this question, the following exi:)eriment was made: 
0.20 gram technical Norite was treated with 100 cc. of diluted sol #8, 

* Free. Roy. Soc. London, 13, 336 (1863-4). 
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containing 0.1352 gram Fe. The reaction was complete within two 
hours, giving complete flocculation of the m'I, and uixm settling, a 
perfectly clear water white supernatant liipiid. inve drops of a 2.7 
molar ferric chloride solution were added, and the whole shaken and 
then let stand. By next morning, the suiu'rnatant licjiiid was a dee]) 
reddish brown iron oxide sol. 

In such experiments it is within the possibilities that the reaction 
of the alkali of the charcoal with the hydrolytic hydrochloric acid in 
conjunction with the ])rccipitating action of other electrolytes of the 
charcoal, might leave slight quantities of iron oxide on the surface 
or within the interstices of the charcoal, which would lemain there until 

Mrm or technical norite on ferric chloride 

SOLUTIONS- PLOTTED AGAINST TIME 


16 



r”i I 'I r I I 'I 

Action of Technical Nonfe, 
( I gm Portions) on 100 cc. of 
Ferric Chloride Solutions of 
Different Concentrations 
(CrCz) Plotted against Time 
m Hours 


944 mgs FeClj/lOOcc 


6 7 8 9 10 15 20 25 30 3S 

Tune m Hours 


Fi(.. 6. 


the reverse peptizing process could take it back into solution as iron oxide 
sol., i.e., that there might he a lag in the curve that could be demon- 
strated experimentally. ' An attenijit was made to demonstrate such a 
lag in the re-solution of any such momentarily precipitated feme oxide. 

A quantity of ferric chloride solution with a concentration corre- 
sponding to the lower region «>f the dropping part of the curve in 
Figure 5 was prepared. Portions of this solution amounting to 100 cc 
were added to 1 gram samples of technical Norite in glass stopjx^red 
Non-Sol bottles. After the siiccified tune of exposure with continual 
rotation, the contents were centrifuged 10 minutes and an aliquot 
analyzed for total iron content e\])ressed as ferric chloride. 

This was repeated with two other concentrations of ferric chloride 

solutions (Figure 6). 
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The curves plotted in Figure 6 are interpreted as det^ionstrating a 
lag between the tendency of the alkali carbonate of the charcoal to 
precipitate the ferric chloride as FcoOg and the tendency of the ferric 
chloride solution to redissolve any precipitated as iron oxide sol. 

The lower the iron chloride concentratioii, the greater the lag. The 
upward trend of the curves represents the predominating influence of 
the original relatively high alkali carbonate concentration and at the 
.same time the fact that its diflfusion out of the charcoal requires a defi- 
nite j)t‘riod of time. Theoretically the curve should have the approxi- 
mate form of a pyramid. 

Action of Blood Charcoal on Ferric Chloride Solutions. 


TABLE XVI 

Pke( ipn ATioN OF Ekrkic Chi.oridk nv Blood Charcoal 


1 gram 

Blood charcoal. 1(K) cc. 

of the diluted I'eCl; 

t solution. 


Exposure 

6 days. 



EeCb/lOOcc. 

I-eri../l(K)c.c 



in Original 

in Treated 

FeCI, 


Stock Solution 

SoIutioiLs 

Precipitated 

No. 

C. 

C. 

c,-c, 

mgs. 

mgs. 

mgs. 

1 

54.0 

0.0* 

54.0 

2 

59 6 

0.0 ♦ 

59.6 

3 

60.8 

0.0 ♦ 

66.8 

4 

78 4 

0.0 ♦ 

78.4 

5 

85.5 

0.0* 

85.5 

0 

118.8 

0.0 * 

118.8 

7 

240.6 

24.4 

216.2 

8 

318.1 

93.7 

224.4 

9 

338 1 

114.5 

223.6 

10 

3o3.2 

135.6 

227.() 

11 

384.5 

155.1 

229.4 

12 

426.0 

195.4 

230.6 

13 

557 7 

334.0 

223.7 

• n(j lest 

for ferric ion wilh liydrochlo 

nc acid and atnmonuim 

thiocyanate. 


J he following notes were recorded during this series of tests: 

(1) 1 he charcoal in the test bottles .settle out quite clearly by 
gravity, flowevcr, before analyzing the siq)ernatant liquid, it was 
centrifuged for the sake of uniformity of procedure. The centrifuged 
solutions were beautifully clear and transparent grading in depth of 
color toward #13 (Table XVI), which was deepest yellow. The yel- 
low is that of ferric chloride. There is clearly no iron oxide sol 
formation. 

(2) 1 he sediment in the bottles after settling out by gravity oc- 
cupied a much enlarged volume over that of the charcoal. It appeared 
to be charcoal interspersed or coated over with some brownish dirt 
colored iron comjx)und. 
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(3) The clear supernatant ferric chloride solution, after being 
made alkaline with ammonia, and filtered, gave a ]>ositive test for cal- 
cium showing that calcium liad emne out of the charcoal. 

(4) When, in the analysis of the treated .solution, the aliquot was 
evaporated to white fumes with 3.8 molar sulfuric acid, a considerable 
amount of gelatinous meta silicic acid became apparent. It was neces- 
sary to continue the evaporation to jKTfect dryness and then to dry 
heat for one half hour, before taking up witii dilute .^ulfiiric acid. 
This step was necessary in order to prevent subsequent clogging and 
poor filtration through the Jones Reductor. 



The character of the cur\es for blood chare (»al differ from those 
of technical Norite in that the precij)itation reaches a maximum value 
and then remains constant for the higher concentrations of ferric- 
chloride. The supernatant liquids were a beautiful clear light lemon 
yellow, showing no apparent tendency toward the formation of iron 
oxide sol. The fact that caKium and metasilicic acid appear in 
appreciable quantity in the solution for analysis is believed to give 
the clue for the explanation of this difference in the curves. 

The mechanism of the predominating reaction in the action of blood 
charcoal on ferric chloride solution is considered to be as follows: 
Hydrolytic hydrochloric acid from the ferric chloride reacts with .some 
easily transpcjsable silicate of calcium in the charcoal liberating silicic 
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acid and calcium chloride, the iron precipitating as iron oxide or some 
basic iron silicate. 

This explanation is in harmony with the fact that in the action of 
blood charcoal on iron oxide sol (Figure 3), a reversal of the precipita- 
tion occurs, so that in the outer regions of the curves, the precipitation 
falls to zero. The iron oxide sol was of course free of all acidity other 
than that minute amount which is invariably present in hydrolytic 
eciuilibrium with the (lis|>ersed phase. F. L. Browne ® has shown that 
the activity of hydrogen ion falls very rapidly with increasingly higher 
purities of the sol. Thomas and Frieden ® found that their pure iron 
oxide hydrosols had a hydrogen ion concentration of 10^^. Due to 
this absence of appreciable acidity, silicic acid was not liberated from 
the charcoal, so that the normal cfTect of excess of ferric oxide sol, 
with its excess of stabdizing electrolyte over and above that requisite 
for stability, ojKTated to reverse any precipitating action of the, in the 
main, water soluble electrolytes of the charcoal, at those concentrations 
where the liniinal value of the sol was not exceeded. 

I'rom Table X\’I and Figure 7 it is seen that 1 gram of blood 
charcoal precij)itates 0.224 gram FeCb from 100 cc., which is equivalent 
to 0.01 3<S moles ferric chloride per liter and if the hydrolytic hydro- 
chloric acid or its etjui valent acidity were left entirely behind in the 
solution its concentration would be 0.0414 moles per liter. It is believed 
that ferric oxide .sol could not exist in the presence of such a concen- 
tration of hydrogen ion. 

Action of Purified and Technical Norite on Hydrochloric 
Acid Solutions. 

In view of the fact that purified charcoals were found to be devoid 
of any ai)prcciahle adsorbing powers on both iron oxide sol and ferric 
chloride solution, and also of the fact that interaction of hydrochloric 
acid enters into the explanation offered for the precipitating action of 
technical grade charcoals on ferric chloride solution in particular, it 
was considered desirable to make .some tests demonstrating the removal 
of Indrochloric acid by a inirified and technical grade charcoal. 

A series of very dilute hydrochloric acid solutions, of a strength 
equivalent to the ferric chloride te.st solutions described in Table XV 
were prepared. The.se were standardized with carbon dioxide- free 
sodium hydroxide, using phenolphthalein indicator. 

Technical and purified Norite, in one gram jwrtions, were treated 
with 100 cc. of each of the.se standardized acid solutions. After three 
days, during which the test bottles were frequently agitated, an aliquot 
of the clear siq^ernatant liquid was titrated for acidity as in the case 
of the standardizations of the original solutions. 

•y. Am. Chem. Soc., 46, 297-311 (1923). 
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In the case of the technical Norite, aliquots were also analysed, 
gravimetrically for chloride ion. 

The results of these tests are given in Tables XVII and XVIII 
and in Figure 8. 

TAIiLK XVri 

SoRrnoN OK IlvDktx ni oriv Acid hy Piirifikd Nokiik 


1 gram purified 

Noritf. 1(K) cc li\ (Irocliluric 
Exposure 3 days. 

acid solution. 

HO in 

HClin 


Original 

.Solution at 


Solution * 

Equilibrium * 

"A" 

(Cl) 

(G) ] 

ICl “Adsorbed’' 

moles/100 cc. 

moles/ KX) cc. 

moles 

0.000233 

0000123 

00(X)110 

0.000521 

0.(KK)370 

0.1XX)151 

0.000784 

0000O27 

0.(XX)157 

0.000869 

0.0(X1693 

0.(X)0176 

0001105 

0(XX)932 

0.000173 

0,001687 

0(X)1490 

0.0(X)197 

0.002056 

0.001852 

0.000204 

0.002997 

0.002792 

0.0(X)205 

0.003759 

O.mSM) 

0.0(X)229 

0.005254 

Oimm 

0.000251 

titration with carhon dioxide free sodiiini hydmxide 



TABLK XVIII 

Removal of Hydrogen Ion and Chloride Ion from Hmirociilork: A(Id 
Solution iiy Te(ii\i«al Norite 


Test 

HO in 
Original 
Solution * 
(Cl) 

Hydrogen 
Ion in 
Solution at 
Equilibrium ♦ 
(G) 

Il>dn)gen 
Ion Removed 

Chloride 

Ion in 
.Solution at 
Equilibrium f 
(G) 

Chloride 
Ion Removed 

No. 

moles/lOO cc. 

molfs/KXI cc 

mules 

molcs/100 cc. 

moles 

1 

0 000233 

0.0000 t 

0.(XX)233 

0.000252 

-0.000019 

2 

0.000521 

0,000016 

(KXXKSOS 

0 000504 

0(XX)017 

3 

0.000784 

0.000038 

0000746 

0 000724 

O.OOOOfX) 

4 

0.000869 

0.000049 

0(XX)820 

0.000816 

0.000053 

5 

0.001105 

0.000074 

0001031 

0.000980 

0.000125 

6 

0.001687 

0.000518 

0.(X)1 169 

0001452 

0.000235 

7 

0.002056 

OOOOSM 

0001192 

0001796 

0.000260 

8 

0.002997 

0tX)17fX) 

0001237 

0.002684 

0.000313 

9 

0.003759 

0.002511 § 

0001248 

0.003448 

0 000311 

10 

0.005254 

0.003965 § 

0tX)1289 

0.004940 

0.000314 


• By titration with carlion dioxide sodiiiiii hydroxide tiolution, using phenolphthalein 
indicator. 

t By precipitation as AgCI in prestner of nitric acid 
t Alkaline to phenolphthalrm 
S Neutral solution gave a test for calcium. 


In the case of the technical Norite, the neutralized solution in tests 
9 and 10, Table XVIII, were found to give a tjuitc apjireciable test for 
calcium. Also the fact that the endpoint of the titration of the test 
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.solutions was not nearly as sharj) and decisive as in the case of the 
original hydrochloric acid stock solutions indicates the ])robability of the 
presence of a ‘‘weak” acirl, possibly silicic or phosphoric. 

These tests show that imrified Xorite adsorbs hydrochloric acid 
to a slight extent, while technical Xorite removes it to a much greater 
extent, the removal being due to ( 1 ) the same cause o])erating as for 
the ])uritied charcoal, and (2) “exchange adsorption” involving a 
metathetical reaction between the h\drochloric acid and some com|jound 
of calcium in the charcoal, this reaction accounting for fully 75 per 
cent of the removal within the range of concentration 0 0 to 0.004 molar 
acid ( Idgure <S ). 



C Cz) mo/es HCJ per /OO cc. 
Equilibrium Concentration 


5 5 ^ 

I § 



SORPTION OP HYDROGEN 
ION AND CHLORIDE ION OF 
HYDROCHLORIC ACID BY 
TECHNICAL NORITE (l) AND 
OF HYDROCHLORIC ACID 
BY PURIFIED NORITE (U) 


g CCz) moles Hd per 100 cc. 

5 3 Equilibrium Concentration 


Fic. 8 


It IS seen that the “total acidity” method does not retiresent the true 
remo\al ol hydrochloric acid, .since the chloride ion as determined gravi- 
metrically is removed to a much less extent than the h^alrogen ion. The 
fact that technical Xorite contains water soluble chlorides makes it 
probable that the true renioxal of chloride ion is appreciably more than 
that represented in the 'I'ables WIl and X\'IT1 and Figure 8. 

The data upon which the removal of hydrochloric acid by purified 
Xorite is based was obtained by thrations of total acidity using phenol- 
phthalein. Since, in the ca.se of technical Xorite, this method is found 
tQ give results that are not equivalent to the chloride ion sorption as 
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determined j^ravinietrically. it ini|Ljht he questioned to what extent acidi- 
metric methcjds represent the true adsorption of hydrochloric acid by 
purified Norite. 

Summary. 

The following; listed facts have been shown to he true, or have been 
indicated to l)e true : 

1. Purified charcoals have been found to liave no adsorhini^ action 
on iron oxide sols of the tyjK* known as (Irahani iron oxide ‘'(•Is. 

2. Technical grade charcoals have high removal powers on in»n 
oxide sols and in this removal any adsorption elTect is wholly negligible, 
the removal being due to the ])recij»itating action of the electiolytes 
present in the charcoal as impurities. 

3. Technical grade charcoals containing soluble mineral impurities 
have high prev'ijiitating ])ower on iron oxide sols, the principle ot the 
“Liminal Value” operating t(» cause tlu* curves for such precijiiiations 
to take the characteristic form as shown in h'igur(“' 1 and It is 
believed that this type of curve is a general one for lh(‘ .action of char- 
coals on intermediate and hydrophobic sols. 

4. P)y plotting the maxima of the precipitation curves for dilTerent 
iron oxide sols against the “inirities” of the sols used ( higure 4), 
straight line curves are obtained, showing th.at the liminal value is? a 
straight line function of the purity, in the case of iron oxide sols. 

5. Purified charcoals have almost negligible if any adsorbing power 
on ferric chloride solutions at least at concentrations up to ().f)2 molar. 
Technical grade charcoals exert a preciiiitating action on ferric chloride 
.solutions, alkaline and acid charcoaK giving dilTerent types of curves. 
An explanation based on ‘‘Ivxchange Adsor])tion” with suppoiling evi- 
dence, is given for the jirecijiitation eltects in each case. 

6. Purified and technical grade .\orite exert removal powers toward 
hydrochloric acid, that of the i>urified Xorite being .slight while that 
of the technical Norite is high. Kemoval curves determined by “acidi- 
metric” (titiation with alkali) and gravimetric (weighing chloride as 
AgCl) methods are quite different, and show that uji to 0.(X)4 molar 
hydrochloric acid only about one-fourth as many moles of chloride ion 
are removed as of h>drogen ion. This is further support for the 
explanations mentioned in item h above. 

7. Sufficiently imrificd charcoal has no precij)itating action on gold 
sols. With less pure charcoals, ])reci|>itation occurs and the |)rinciple 
of the liminal value is ])robably followed. 

Columbia Ihiiversity, 

New York City. 
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P>Y Harry L. VVkiser 

I. Ionic Antagonism in the Neutralization of Sols by 
Single Electrolytes. 

In the pr(‘ci])itati()n by ckvlrolytes of sols stabilized by preferential 
adsorption of i(»ns, it is usually considered that only anions count in 
the case (T positive sols and only cations count in the case of negative 
sols. However, it was recognized hy Freundlich ^ a score of years ago 
that the critical i)recipitation concentration of electrolytes for sols 
may he inlluenced by the ion having the same charge as the sol ; and 
a decade ago l)ancroft “ pointed out that the amount of electrolyte 
required to precipitate any given susi^ension will vary with the nature of 
the cation, the anion, and the dispense phase. This iR'iint of view does 
not seem to have been taken seriously by many people ; but in 1920, 
attention was called to the tact that the influence of the ions having the 
same charge as the sol cannot be disregarded entirely in any case, and 
may be ([Uite marked if the electrolyte precipitates only in high concen- 
tration. 'rhe precipitation value of electrolytes for sols may be defined,^ 
therefore, as that concentration which results in sufficient adsorption 
of the precipitating ion to neutralize the combined adsorption of the 
original stabilizing ion and the stabilizing ion added with the precipitat- 
ing solution. 'I here is thus an antagonistic action between the -op- 
jx)sitelv charged ions of a precipitating electrolyte in the sense that 
the greater the adsorption of the stabilizing ion the greater must be the 
adsorption of the precipitating ion to effect neutralization. Hence the 
precii)itati(m value of an electrolyte with a strongly adsorbed stabilizing 
ion is necessarily higher than that of an electrolyte with a weakly ad- 
sorbed st*abili/ing it)n. This is illustrated in Table I which gives the 
precipitation values in milliequivalents per liter of potassium salts for 
different ar.seniou^ sulfide sols. The order of precipitating jxiwer of 
the |x)tassium salts is : chloride > sulfate > ferrocyanide > citrate, 
which is probably the order of increasing adsorbability of the stabilizing 
anions. 

Just as the ])recijiitating |x)wer of an electrolyte decreases with in- 
creasing adsorbability of the antagonistic stabilizing ion so the precipi- ’ 

‘ ‘’Kapillarchcmic,” y.')2 (1909); Z. physik. Chtm , 44, 104 (1903). 
r/ivj. Chem., 19. 868 (1915). 

• Weiser, J. rhys. Chem.. 24, 30 (1920). 
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TABLE I 


Concentration of Sol 
Grams per Liter 

(KCl 

Precipitation value of < 

1 Klcit 

Investigator 


18 

3.7 

60 

49.5 

85 

33.2 

65.5 

1(X) 

43,5 

— 

185 

7L2 

240 

270 

- 

Freundlich * 

Ghosh and 
Dhar “ 

Weiser and 
Nicholas * 


latinfj power of electrolvtes with the ^anie stahilizin^^ i»ui increiises with 
increasing adsorbahility of the j)r(‘ci])italing ion. Tliis is illustrated in 
Table II ’’ which gives the precipitation value <>f hariutn chloride and 
of various alkali chlorides for arsenioiis siiHide togetlar with the ad- 
sorption of barium during the j)reci])ilati<>n uf the ^ol with barium 
chloride alone and when mixed with constant amount of the several 
alkali chlorides, b'rom the observations it will be noted that univalent 
ions cut down the adsorption of barium in the order, lithium < sodium 
< iKgassium < hydrogen. Since, under othervMse constant conditions, 
one should exi>ect the adsorption of a given cation to be cut down by 
the presence of a second cation in ])roportion to the adsorbahility of 
the latter, it follows that the order of ad'-orbability of the univalent 
ions is: hydrogen > potassium > .sodium > lithium. 'Ibis is exactly 
the same as the order deduced from the preciiiitation values of the salts 
assuming that the salt containing the most readily adsorbed cation pre- 
cipitates in lowe^'t concentration. 

TAHLK II 


Haiium Ailsorhcd 


Electrolyte Added to 

UX) 

cc Sol 


Mdheq 

I’rccinit.ition 

Value 

Total Volume 2(K) 

cc 

(iianis 

|)cr (ii am 

■Miliieq. pet 

• Liter 

30 cc. N/SO BaCb 



00109 

0058 

BaCb 

2.74 

30 cc. N/50 BaCb -f 30 

cc. 

N/2 Li('l 

0 0037 

0019 

LiCl 

88.7 

30 cc. N/50 BaCb + 30 

cc. 

N/2 XaCl 

0.(K)25 

0014 

NaCl 

73 5 

30 cc. N/50 BaCb + 30 

cc. 

N/2 KCl 

00018 

0(X)9 

KCl 

63.7 

30 cc. N/50 BaCb + 30 

cc. 

N/2 MCI 

0 (X)13 

0007 

llCl 

52.5 


It should be ixunted out in passing that the results recorded in 
Table II furnish almost conclusive pnjof that the univalent cations are 
adsorbed less strongly than bivalent barium. lA)r examine the adsorp- 
tion of barium is cut down but very little by the ]>resence of an ecjuiva- 
lent amount of lithium, and 25 times the concentration of lithium cuts 
it down but two-thirds of the value in the ab.seiice of lithium. 

*Z. physik. Chem.. 44 , 129 (IIMHO 
*Kollo(d~Z„ 36, 129 (1925) 

•/. Pkys. Chem., 25. 742 (1921). 

»Wciser, J. Phys. Chem., 26, 955 (1921). 
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II. Ionic Antagonism in the Neutralization of Sols by Mixtures. 

Thirty years ago Linder and Lieton ** observed that the precipitating 
action of mixtures of two electrolytes for arsenious sulfide sol, is 
a])proxiniately additive ])rovided the precipitating power of each is of 
the same order of magnitude, whereas the precipitating action may rise 
ai)preciably above an additive relationship if the electrolytes vary widely 
in their precipitating power. Thus the precipitating action of mixtures 
of SrCL and llaCT are nearly additive, whereas the addition of potas- 
sium chloride increases rather than decreases the precipitation concen- 
tration of strontium chloride, d his cannot be attributed to a decrease 
in the dissociation of strontium chloride by ]K)tassium chloride because 
other iKitassium salts, such as the nitrate, give similar results. 

As a result of an iiuestigation of this anomalous behavior in 1921,^^ 
it was concluded that, in the simultaneous adsorption by solids from 
mixtures of two electrolytes having no ion in common, the most readily 
adsorbed cati(.»n and anion are taken up most and the other pair least 
readily ; while from mixtures having one ion in common, the oppositely 
charged ions are each adsorbed less than if the other w(‘re absent but 
the most readily adsorbed ion is displaced the least, b'roin this, there 
would ap]K‘ar to be two factors which inlluence the ]>reci])itating action 
of mixtures of electrolytes: (1) 'bhe antagonistic efftvt of each jire- 
cipitating ion on the adsorption of the other and (2) the stabilizing 
inlluence of the ions ha\ing the same charge as the m)1. 

TAIU.K 111 

PuKciei TArioN or ( (H.ioiDAr. As^Si with \tixruRj-:s of LiCl and liaCU 


N/2LiCl 


- X/KK) ItaCh to 

Complete Coavulalion 



Taken 

'J'aken 

Calculated 

, 1 lilfcrence , 

cc. 

cx. 

cc 

cc. 

Per Cent 

4.05 






4 03 




05 

4 50 

3.54 

0.96 

27 

1 0 

4 25 

3.03 

1.22 

38 

20 

3 7(j 

2.03 

173 

84 

2.0 

2 25 

1.03 

1.22 

118 


As an illustration of the antagonistic action of salts of varying pre- 
cipitating power the observatitms with mixtures of LiCl and LaCL on 
arsenious sulfide sol are given in Table 111.*'’ It will be seen that 
the presence of alkali chloride increases appreciably the precipitation 
concentration of barium chloride. In Table IV is given the effect of 
the presence of lithium on the adsorption of barium during the precipi- 
tation of arsenious sulfide sol. Exi)eriment 1 gives the adsorption of 
Ba ' ion at the i)reci])itation concentration of BaCL ; experiments 2, 3, 


•/. Cheitt. Soc , 67. r>7 (1895) 

•Wciher, J. Ph\f Chem , 26, 665 (1921). 
28. 232 (1924). 
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TABLE IV 

Adsorption hy Ahslnuh s Si lfidk of Baru’m in thk Erfsknif. ok Lithium 


^^ixtures Added 125 cc. of 


Colloid ConlaiuiiiK 2 H4 

K- As,S, 

BaSO, 

Kt’iuainin^ 

Barium 

.\dsorhcd 

N/2 

N/lOO 

' 

in 

2(K) cc. 


(1ms. per 

LiCl 

BaCb 

11.0 


Averavic 

(bus. 

Mole AsjS* 

0 

50 SO 

74.20 

0 0288 

00284 

00140 

1.214 

0 

50.80 

74 20 

00280 




0 

5625 

(xS 75 

0 03 In 

00310 

00151 

1.310 

0 

56.25 

(>S75 

0 3220 




6.25 

56.25 

(.2 50 

00371 

0.0373 

0.0112 

0.071 

6.25 

56.25 

62.50 

00375 




0 

5.1.10 

71.00 

00.104 

00302 

0 0143 

12.^0 

0 

53 10 

71 00 

0.0301 




12.5 

53 10 

50 40 

0 03n3 

0 03()5 

0(X)07 

0.841 

12.5 

53 10 

50 40 

003^8 




0 

47 (K)* 

73 (H) 

0 0250 

0 0260 

0.0132 

1.145 

0 

47 (K) 

73 (K) 

0.02()0 




25.0 

47.00 * 

4K(K) 

00.158 

0 0357 

OOt/K) 

0.520 

25.0 

47 00 

48 00 

0 0355 





and 4 ^i\e (a) tlic adsorjition lia’’ ion from P>aClj alone at the con- 
centration necessar) to cause ]>recipitation from the mi\lure with IJCd 
and (h) tlie adsorption of La ion in the jiresenei' of la’ ion. In 
exjieriment 4 the concent i at ion of l*>a( L is below the prtxajiitation value, 
necessitating^ the addition of some Mj.tC L. Since the precipitatiipi; 
|X)wer of thc'C two salts is \ery nearly (he same, the prestmee of the 
small amount of ’ ion can ha\c little or no effect on the adsorjilion 
of I>a ’ ion at this concenlraii<»n. Attention should he called to the 
fact that the concentration of l.iCl and La( L used in eNjieriments 2, 3, 
and 4 corresjiond to those of 0.5, 1.0, and 2.0 cc of LiC'l, respectively, 
in Table III. 

From these obser\ations it is obvious that concentratitms of lithium 
below the jirecipitation value have a marked inlluence on the adsorjition 
of barium, 1 bus at the ])re('ipitation concentration »»f a mixture eon- 
taininj.; one-eighth the precijdtation value of LiCl alone the adsorption 
of La” ion is lowered more than 25 per cent; while fiom a mixture 
containin^f one-half the precipitation value of l.i( I alone, the a(Forption 
of La" ion is decreased 53 per cent. At the same time, the jiresence 
of La ” ion uiKiuestionably mtluences the adsorption of la” ion so 
that the concentration necessary for sufficient adsorption to decrease 
the charj(c on the particles below’ the critical value is proportionately 
greater for each salt in the presence c)f the other. 'I'his mutual ionic 
antagonism w’ould apjiear to be an imjiortant factor in raidng the 
precipitation concentration of mixtures above the additive value. 
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Associated with the cationic antagonism is the antagonistic action of 
chloride, the adsorption of which cannot be ignored at the relatively 
high concentration of LiCl crnidoyed. Until recently, Dhar and his 
collaborators discredited the influence of any cationic antagonism in 
increasing the precipitation value of certain salt pairs above the additive 
value, and attributed the effect entirely to the stabilizing action of the 
anions, chloride ion in the case at hand. Some further observations 
bear on this point : 

In 'J'able II it was pointed out that the same concentration of dif- 
ferent alkali chkjrides cuts down the adsorption of barium ion to widely 
different degrees, it seemed probable therefore that the precipitation 
value of barium chloride would vary in the j^resence of approximately 
the same concentration of chloride ion but with different alkali cations. 
'Fhat such is the case is shown clearly by obi-crvations recorded in Table 
\' and shown graphically in Figure 

TABLE V 

f*KKClIMlATlON' OK BV Ml.XTCRES OF BaCb AND AlKALI ChLORIDES 

( I'recipitation values in nnllicq. per liter.) 


Litl -h 

BaCli 

NaCl + 

BaCb 

KCl + 

BaCl» 

HCl + 

BaCb 

0.0 

l.tjO 

00 

\.(i) 

0.0 

1 (')0 

0.0 

1.60 

12.5 

2.02 

12 5 

103 

12.5 

1.88 

12 5 

1.98 

25.0 

2.18 

25.0 

1.98 

25 0 

1.92 

25 0 

1.93 

43 7 

2.13 

43.7 

1.82 

43.7 

1.62 

37.5 

1.65 

62.5 

1.78 

bl 5 

1.30 

()2.5 

1.05 

50.0 

l.OQ 

81.2 

111.2 

1.23 

0.00 

95 0 

0.00 

83.0 

0.00 

61.5 

0.00 


It will be noted that the precij)itation value of barium chloride is 
increased by like amounts of alkali chlorides in the order: TdCl > NaCl 
> KC'l ; while in the presence of IlUl, the precipitation value of barium 
salt first rises to a i>oint just below that in the presence of a like amount 
of lithium chloride and then drops off rather shar[)ly. Since the ad- 
sorbability of the alkalies is in the order: K > Na > Li, it may be rea- 
soned that the stabilizing action of chloride ion will be greater in the 
presence of lithium ion than of potassium ion, thus accounting for the 
higher prexdpitation values of barium chloride in the j^resence of lithium 
chloride than of })otassiuni chloride. This would not account for the 
behavior of mixtures of hydrochloric acid and barium chloride for, at 
certain concentrations of chloride, the precipitation value in the pres- 
ence of the relatively strongly adsorbed hydrogen ion is similar to that 
in the prc.sence of lithium ion and greater than that in the presence of 
either sodium or i)otassium ion. 

Chem., 28. 313, 4.S7, 1029 (1924); 29, 435, 517, 659 (1925); Kolloid-Z., 84 . 
262 (1924); 36 , 129 (192.5); Z anory. Chem., 142, 345 (1925). See also Mukherjee aod 
Ghosh, Quart. /. Indian Chvm. Sar., 1. 213 (1924). 

« Weiser. J. Phys Chem , 30, 29 (1920), 
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Another explanation siigf;ests itself ; For a j;iven alkali chloride 
concentration, precipitation will take place when the combined adsorp- 
tion of the two cations nentralizes the combined adsorj)tion of chloride 
and hydrosulfide ions. Ihe combined adsorption will be ecjnivalent for 
different pairs of cations; but the relatixe amounts of each that make 
up this equi\alent adsorption will var\, dejKMiding as it does on the 
relative adsorbahility of the two cations. If one may disregard for 
the moment the slight variation in the amounts of chloride adde<l with 
barium chloride as compared with the relatively large amount of this 



Fu). 1.— Precipitation of Arscnions Sulfulr Sol with Mixtures of F.Ieclrolytes. 


ion added with the alkali chloride, it follows that, for a given concentra- 
tion of different alkali chlorides, the varying amounts of barium that 
rfiust be added will depend on tlie effect of each cation on the adsorption 
of the other. Thus the adsorption of barium is cut down by lithium ion 
less than by potasnum ion, tending to make the precijiitation concentra- 
tion of barium chloride less in the presence of lithium chloride than 
of potassium chloride. Hand in hand with this is the decrease in the 
adsorption of alkali by the presence of barium, which will tend to make 
the precipitation concentration of barium chloride higher in the presence 
of lithium. From this point of view, the latter factor afipears to pre- 
dominate with the alkali chlorides. With hydrochloric acid, however, 
the cutting down of the adsorption of barium by hydrogen ion is the 
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determining' factor with lower concentration of hydrochloric acid while 
with hi^,dier concentrations of acid the second factor appears to 
predominate. 

Another method of attack is to determine whether the presence of 
relatively small amounts of potassium chloride, say, increases the pre- 
cipitation value for arsenious sulfide sol, of chlorides other than barium 
chloride. Observations with mixtures of potasMum chloride with 
sodium chloride and cerium chloride respectively are L;iven in Table VI 
and plotted in I'i^ure 1. 

TABLE VI 

Pkki iriTAi ION' OK As^Sj Sol hy Mixtures 


KC\ 

-f 

NaCl 

KCl 


CeCla 

0.0 


050 

00 


0.388 

25.0 


64 0 

12.5 


0 230 

50.0 


35 0 

25 0 


0.162 

83.0 


00 

37.5 


0.132 




50.0 


0.105 




62 5 


0.067 




83.0 


0.000 


'rhe results are (|uite conclusive that the addition of ]Mdassium 
chloride do(‘s not increase the stability of arsenious suli'ide sol toward 
all other chloiides. 'riiu^ the relationship is approximately additive 
with sodium chloride whereas the ]>recipitation value of cerium chloride 
is decreased unmistakably by the presence of potassium chloride. It 
hardly seems probable that the latter result would obtain if potassium 
chloride in small concentration actually stabilized the sol in the same 
way that a hij^hly purified ferric oxide sol i" stabilized In the addition 
of a small amount of hydroj'cn ion or ferroeyvanide sols by a small 
amount of ferroc) anide. Tn the absence of marked ionic antat^onism 
between ions of the same si^m, one might expect the precijiitation values 
of mixtures to fall below the additive value on account of the relatively 
greater adsorbabihty of the precipitating ions at low concentration. This 
was actually observed in a number of instances with hydrous oxide 
sols.* ‘ 'I'o account for the dilTcrence in the results with barium chloride 
and cerium chloride one should ex|X'ct to find the adsorption of barium 
cut down much more strongly than cerium by the presence of pro- 
jx>rtionate amounts of potassium chloride. That such is the case is 
shown by the results recorded in Table \ TI on the adsorption of barium 
and of cerium, res|H‘ctively. in the presence of 50 times the concentra- 
tion of potassium chloride. Cerium was determined by the colorimetric 
method of Benz jireviously used successfully by Freundlich ** in meas- 
uring the adsorption of this element by arsenious sulfide. It will be 

Weiser, /. PAvj Chvm . 28. 232 (1924) 

“Z. physik. Chem., 37, 407 (1910). 
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TAHLK vn 


Solutions Mixed with 100 cc. Sol 

N/200 CcCli Ivcm.iiiiing 
cc 

t'e .'VdsorlK'd 

Total Volume 2(K) cc. 

MjIIksi per (jram 

N/200 CeCU 

20 

N/2 Kd 

0 

5 4 

0073 

20 

5 

0 0 

0.058 

N/50 bad, 

N/2 KCI 

HaSO* Uiniauiiiiji m 
180 cc. 

Ha .VdsitrUctl 

per (inun 

30 

0 

00537 0 0537 

0.0()4 

30 

30 

0.0<)14 0 0(05 

0010 


noted that, under similar condition^, ilie athorjjtion of ocriiim is cut 
down less than 25 per cent, while the adsorption of hariuni is cut down 
almost 85 per cent. 

Finally, the ])resence of potassium chloride does not raise the pre- 
cipitation concentration of sodium chloiide above the additive value 
as would he expected if the sol were stahih/ed appreciably by prefer- 
ential adsorption of chloride ion. 'I'he precipitation values of such mix- 
’tures havinj.^ a common anion, are additive since the adsorption of the 
[irecipitatin^^ cations are similar and so the a<lsorption of each is alTectcd 
but slightly by the presence of the other within the limits of the jirecipi- 
tation concentration ( )n the other hand, with mixtures having jire- 
cipitating cations in common and different anions, one should exi>ect 
variations from additive values m proixirtion to the dilTerence in ad- 
sorhahility of the anions, 'riiiis, I have found the jirecipitation con- 
centrations for mixtures of poia'sium and sodium ferrocyanide to he 
additive whereas the critical concentrations for mixtures of potassium 
chloride and ferriK')auide rise sliglulv above the additive values,*'^ be- 
cause of the greater adsorhahililv of ferrocyanide ion than of chloride 
ion. 

That the stabilizing action of adsorl)e<l chloride ion is iirohahly not 
the most important factor in increasing the precipitation value of mix- 
tures above the additive relationship is further emphasized by the 
agglomerating action of relatively low concentrations of alkali chloride. 
An arsenious sulfide sol was jirejiared according to the method of 
Freundlich and Xathanson.’" This sol when viewed in the ultramicro- 
sco[>e. gives a light cone but is jnactically free from ultramicrons, d'he 
addition of small amounts of .\a( 1 causes ‘^ome agglomeration of the 
particles as evidenced b\ the ajipearancc of ultramicrons on standing. 
This phenomenon was investigated carefully in the following way: A 
quantity of the sol was prepared and filtered through an ultrafilter 
winch removed any ultraniicrons that might he jiresent. The prepara- 
tion gave a clear uniform light cone, d'en cubic-centimeter samples of 

“C/. Sen, /. Phys. Chetn , 29. 517 (1925). 

Kolloid-Z., 28, 258 (1921). 
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the sol were taken and diluted to 20 cc. with ultrafiltered water to which 
was added 0, 0.2, 0.5, and 0.7 cubic centimeter. s, resj^ectively, of ultra- 
filtered N .sodium chloride. S])ecial care was taken in the cleaning of 
all apparatus with ultrafiltered water and in protecting the samples from 
dust. After standing for two hours, the samples were placed in the 


I u 

IV III 


Fic. 2. 

liiltz cell of a Zeiss slit ultramicrosco|)e .supplied with a camera, and 
the light, cone ])h(nographed. The time of exposure was 2 minutes. 
A comparison of the [diotographs obtained (Figure 2) indicates agglom- 
eration of particles in the i)re.sence of relatively small amounts of NaCl 
as evidenced by the gradually increasing intensity of the light cone in 
going from sample 1 containing no sodium chloride to sample 4 con- 
taining 0.7 cc. of N salt. 

For the sake of comparison, the precipitation value curve of mixtures 
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of BaCl 2 and NaCI for the sol is given in Figure 3. The precipitation 
values were determined as described elsewhere,’^ observations for com* 
plete precipitation being made after two hours. The ultramicroscopic 
observations referred to above were made on the pure sol and on 
samples containing 10, 25. and 35 milHequi valent s of NaCl jx*r liter, 
respectively. In this region the precipitation value of llaCl^ is in- 
creased appreciably by the presence of sodium chloride although the 
agglomeration of the particles by the latter is clearly indicative of a 
decrease in the stability of the sol. It would seem, therefore, that in 
this case, cationic antagonism rather than the stabilizing action of the 



Fto. 3.— Precipitation of Arsenious Sulfide with Mixtures of BaCh and NaCl. 


anion is the most important factor in bringing about the variation from 
an additive relationship. 

Ionic antagonism such as that between alkali and alkaline earth 
cations in the precipitation of arsenious sulfide sol has been recognized 
recently by other investigators. Thus Mann’** finds that NIl^Cl, 
MgCb, and AlCl, cut down the adsorption of methylene blue anrl neu- 
tral red by discs of mangold root, the magnitude of the reduction being 
a function of the valency and concentration of the cation. The adsorp- 
tion of both dye and salt attain equilibrium at a lower iK)int than would 
bfe reached by either in the absence of the other, indicating mutual 
hindrance. And Dhar and his collaborators who have in several papers 
ignored or opposed the conceirt of antagonism between ions of the same 
charge, have finally embraced this view2« “As is known, cry.stal violet 

Phys. Chrm., 28, 2:iS (1924). 

» Ghoihf Bhafucharya.^ and Dhar, KoUoid-Z.. 38. 145 (1926). 
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and strychnine hydrochloride cations are more strongly adsorbed by 
arsenious sulfide than barium and aluminum ions. On this account, the 
presence of the dye cations cut down the adsorption of K‘i, Ba”, and 
Al"' ions and therefore more than the calculated amount of KCl, BaCl,>, 
and Al(N( is required for the j^recipitation of the sol. On the 
other hand, in ])recipitating arsenious sulfide sol with mixtures of 
strychnine chloride and crystal violet, the values are practically additive 
since the cations of both substances are abcnit equally adsorbed and, 
at the i)recii)itation concentration, there is no antagonistic effect on the 
adsorption ” 

Although in certain cases the antagonistic action between precipi- 
tating ions may be the most important factor in determining the pre- 
cit)itation values of salt pairs, in other instances the effect of stabilizing 
ions may ])redoniinate. 'fhus Sen working with copper fcrrocyanide 
sol, observe/l an increase in preci])itation value of ix^tassium chloride 
and of barium cliknide in the presence of potassium fcrrocyanide. 
With mixtures of [xitassium chloride and potassium fcrrocyanide it is 
quite obvious that cationic antagonism cannot come in since both pre- 
ci])itating cations are the same. Mukherjee and Ghosh observed a 
similar behavior with mixtures of sodium benzoate and sodium chloride 
on arsenious suliide sol and 1 have already called attention to observa- 
tions with |K:tassium ferrocyaiiide and ])otassium chloride on the same 
sol. d'he determining factor in the latter cases is the stabilizing 
action of the relatively strongly adsorbed benzoate and ferroevanide, 
respectively. 

C'onsider the case of Graham’s ferric oxide sol which owes its sta- 
bility to ])refi'rential adsorption of hydrogen ion derived from hydrolysis 
of ferric chloride. It is too well known to need comment, that the 
stability of the sol falls off as the hydrogen ion concentration is de* 
creased by dialysis and if the dialysis is continued long enough, all of 
the sol will prt'cipitate. Conversely, if we add hydrochloric acid to a 
highly purified sol, the stability toward all electrolytes will increase. 
Similar stabilization would be cxj)ectcd on adding ferric chloride, 
aluminum chloride, or lanthanum nitrate, as Breundlich and Wosnes- 
sensky have shown. With the relatively insoluble Bean de St. Gilles 
sol, a maximum in the stability is reached on adding hydrochloric acid ; 
and at a suitable concentration, the adsorption of the precipitating 
chloride ion neutralizes the adsort)tion of hydrogen ion and precipitation 
takes place,"- Similarly, colloidal copper fcrrocyanide and Prussian 
blue are stabilized by preferential adsorption of fcrrocyanide ion. The 
lower the concentration of the fcrrocyanide ion the less the stability, 
(^n adding ])otassium ferrocyaiiide to a highly purified fcrrocyanide 

wy. Indian. Chvrn. Sor . 1. 2i:l (1924). 

^'Kolloid Z., 33, 222 (1922) 

••Weiser, J. Phys them. 25, 666 (1921) 
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sol, the stability toward all electrolytes should l>e increased until the. 
coiicenlration is hij^h enouj;h for the adsorption of the precipitating 
’|K)tassiuin ion to decrease* the stability of the sol below the critical 
value. This is exactly what Sen observed with two cl(\'trolyles of 
widely varying jnecipitating power. 'I'he precipitation \alue of both 
|x)tassiuin chloride and barium chloride is increased to a maximum 
that lies above the \alne tor either electrolyte alone. 

A sur\ev of the data obtained by Sen indicates that the foim of the 
preci])itation value curve of salt ]>airs for negative colloidal copper 
ferroevanide sol depends on whether cationic antagonism may come in 
or whether it is eliminated by u^ing salt pairs with a common cation. 
1'hus when ])reci]ntation concentration of potassium ferrocyanide as 
ab.sci.^sa is plotted against that of potassium chloride as ordinate, the 
curve rises sharplv to a maximum, bends sharplv, and then follows an 
almost straight course to the precipitation value of pure jiotassium 
ferrocyanide. ( )n the other hand with concentrations of barium chloride 
as ordinate the curve rises gradually to a broad maximum droi>ping 
sharply when near the |)recipitation value of juire potassium ferro- 
cyanide. I he ditteience between thc'^e curves obtained wdtb copper 
ferrocyanide sol. and between either of them and curves obtained with 
arsenious sultide ^<>1. called for further investigation. Idirthermore. 
certain discrepancies exist m the data. 1 bus Sen linds the precipitation 
values of KCl and l\,l‘e(( N )., to be 40 and 140, resjiectively, for one 
copjxM' ferroevanide '^ol and foi another similar sol, the values to be 
35.6 and 2t)0. res|Kxtivelv .Moreover, difficulty was encounlered in 
determining the exact preci))itation values because of re|M)rted slowness 
in settling of iIh* ferroevanide sol 

Colloidal co])iH‘r ferroevanide was jirepared by precipitating dilute 
solutions of cupric chloride with a very slight e.xcess of cop]>er ferro- 
cyanide. The precipitate was washed thoroughly by means of the 
centrifuge until it was carried into colloidal solution from whi<'h it 
could not be thrown down bv centrifuging for ten minutes in a No. 1 
International centrifuge making 3(X)0 r.p.m. 1 he sol thus foimed was 
subjected to dialysis for three weeks, changing the water continiiou*<ly 
in a Neidle dialyzer. Prepared in this way, the sol is quite jaire as 
evidenced by the relativelv low precijiitation value of salts. 

Since the finely divided jirecijntate obtained with univalent pre- 
cipitating ions does not settle reailily. the following jiroceduie was used 
to obtain accurate jirecipitation values: 1 en cubic centimeters of 
sol were mixed with a definite amount of electrolyte diluted to 10 cc. 
rhe mixture was allowecl to stand twai hours, aftei wliirb 10 tv. of 
the supernatant litpiid in the rt'gion of the precipitation value was with- 
drawn and centrifuged for 10 minutes at 3000 r.]xm. 'fhe suix^rnatant 

» / I’hys. Chem , 29. 517, 531) (lU25t. Stn and Mehrotra, Z. anorg. Chem , 142, 345 
(1925). 
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liquid after centrifuging was transferred to a Nessler tube and examin^ 
for completeness of precipitation. With the exception of being rather 
time consuming, the procedure was entirely satisfactory. After ge^ting^ 
the approximate precipitation values in a given series of experiments, 
the final, accurate values were obtained within 48 hours. The results 
with mixtures of potassium ferrocyanide and both potassium chloride 
and barium chloride are given in Table VIII and shown graphically 
in Figure 4. 

TABLE VIII , 

Precipitation of Cou-oidal CuiFe(CN)« by Mixtures (a) 
(Precipitation values in milliequivalents per liter.) 


K4Fc(CN), 

BaCL 

K4Fe(CN). 

KCl 

0.0 

1.58 

0.0 

23.8 

12.5 

1.90 

12.5 

157.5 

25.0 

2.00 

25.0 

155.0 

50.0 

2.10 

50.0 

140.0 

100.0 

2.00 

100.0 

112.5 

150.0 

1.60 

150.0 

82.5 

260.0 \ 

0.0 

262.5 

0.0 



, Fig, 4.— Precipitation of Copper Ferrocyanide Sol by Mixtures of Electrolytes (a), 

It will be seen that the addition of potassium ferrocyanide causes 
the iwecipitation value of potassium chloride to mount sharply to a 
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value more than 6 times that of pure chloride. This indicates that^thc 
purity of the original sol with resi)ect to ferrocyanide ion is piuch 
greater than that of Sen's sol. After the maximum is reached, the 
curve bends sharply and then follows an almost linear course as Sen^ 
also observed. This means that if one takes an impure copper ferro- 
cyanide sol the precipitation values of mixtures of potassium ferro- 
cyanide and chloride will be approximately additive on account of the 
absence of cationic antagonism. A similar type of curve should result 
with mixtures of barium ferrocyanide and barium chloride. This was 
found to be true so far as the linear i>art of the curve is concerned; 
but the sharp maximum could not be detected with certainty since the 
precipitation concentrations of the chloride and ferrtjcyanide of barium 
were so close together. 

On turning to the ]X)tassium ferrocyanide-barium chloride curve, 
contrary to Sen’s observations, one is impressed with the very great 
similarity to the curves obtained with alkali — alkaline earth salt pairs on 
arsenious sulfide sol. Since in the latter case both cationic antagonism 
and the stabilizing action of the anion play a role, it is possible that the 
difference between the potassium ferrocyanide-barium chloride curve 
and the potassium ferrocyanide-ixitassium chloride curve with copper 
ferrocyanide sol, is due to the absence of cationic antagonism in the 
first instance and its presence in the second. 

It should be emphasized however that the initial increase in precipi- 
tation value of BaClg in the presence of |X)tassium ferrocyanijje is due 
primarily to the effect of ferrocyanide ion. Thus from the results 
recorded in Table IX and shown graphically in Figure 5, it will be 
seen that the precipitation values of mixtures of KCl and RaCh fall 


TABLE IX 

Precipitation of Colloidal CujFe(CN)* by Mixtures (b) 
(Precipitation values in milliequivalents per liter.) 


KCl 

+ 

Bad, 

KCl 


CuCl, 

0.0 


1.58 

0.0 


0.350 

2.5 


1.38 

2.5 


0275 

5.0 


1.26 

5.0 


0.265 

10.0 


0.97 

7.5 


0245 

12.5 


0.83 

11.8 


0.180 

13.8 


0.75 

16.8 


0.100 

20.0 


0.25 

23.8 


0.000 

23.8 


0.0 





Mightly below the additive value at the lower concentrations of KCl; 
but at hijgher concentrations of kCl the values are slightly greater than 
additive. The same is true for mixtures of KCl and CuCla and of 
KGl and CuS 04 .^^ For arsenious sulfide .sol, the cationic antagonism 

» “C/. however, Gurchot, J. Phyi. Chem., 30, 98 (1928). 
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between potassium and barium ion is greater in ferrocyanide than h 
chloride solution.^^ No experiments have been carried out to deter^ 
mine whether a similar condition exists with copper ferrocyanide sol. 

As a result of these observations, it is* evident that the precipitation 
values for sols of mixtures of two electrolytes may be additive, may 
be greater than the additive values, or may be less than the additive 
values. Moreover, it would seem that three factors, at least, may influ- 
ence the precipitation concentration of salt jxiirs : (1) The effect of 

each precipitating ion on the adsorption of the other, (2) the stabilizing 
action of ions having the same charge as the sol, and (3) the relatively 
greater adsorbability of ions at lower concentrations. The antagonistic 
action between precipitating ions of the same charge is important in 



Fir.. 5.— Precipitation of Copper Ferrocyanide Sol by Mixture of Electrolytes (b) 

raising the critical concentrations above the additive value only in case 
the ions show a marked difference in adsorbability. Variation fron 
the additive relationship with mixtures of salt pairs having a commoi 
precipitating ion, results only when there is an appreciable difference 
in the adsorbability of the stabilizing ions, the magnitude of the varia 
tion from an additive relationship being determined by the differenc 
in adsorbability. If the first and second factors referred to above ar 
not too pronounced, the precipitation values of mixtures may fall belo> 
the additive value on account of the relatively greater adsorbability o 
precipitating ions at low concentration. 

Since the addition of alkali chloride to arsenious sulfide sol and c 
alkali ferrocyanide to copper ferrocyanide sol increases the precipitatio 
value of BaClg, the question arises whether the sols coagulated b 
BaCU alone will be repeptized by the addition of alkali salt. Th 

“Wewer, J, Phys Chem., 30, 29 (1926). 
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answer is, that it will be provided the alkali salt exerts an appreciable 
peptizing action. When a sol like Freundlich and Nathanson’s arsenious 
sulfide is treated with barium chloride, the very minute primary colloidal 
particles coalesce into larger primary ultramicrons which finally agglom- 
erate into secondary particles and these, in turn, into clumps. If 
ix)tassium chloride is added to such a coagulum a sol is not reformed 
on account of the relatively low jMiptizing action of chloride ion. On 
the other hand, the addition of potassium ferrocyanide to a copper 
ferrocyanide coagulum reverses the coagulation on account of the 
marked peptizing power of the anion for copper ferrocyanide. 

Attention should be called, in passing, to an interesting property of 
arsenious sulfide. It has been okserved rcjx^atedly that the critical 
concentration of electrolytes does not cause agglomeration of the neu- 
tralized particles into a clump, unless the mixture is shaken. What 
apparently happens is, that the charge on the particles is neutralized, 
but instead of agglomerating into a clump the individual particles with 
their film of adsorbed water coalesce to a loose jelly structure that is 
broken up by shaking. If a concentration of electrolyte close to the 
critical value is used and the sol is allowed to stand quietly for a day 
or two, the surface of the precipitate as it settles, api)ears to be a fairly 
strong, translucent, mobile film strikingly similar in appearance to that 
of a copper ferrocyanide membrane. 

III. Ionic Antagonism in Biological Systems. - 

The behavior of colloidal solutions of such substances as arsenious 
sulfide and copper ferrocyanide in the presence of salt pairs is of im- 
portance owing to the existence of what appear to be analogous phe- 
nomena in biological systems. 

Forty-five years ago, Ringer attempted to use a sodium chloride 
solution isotonic with the blood, for the continuous j)erfusion of the 
heart of a frog. This solution was unsatisfactory as the beats diminished 
gradually and ceased entirely after a few minutef=. It was discovered 
that traces of the chlorides of calcium and ix)tassium added to the salt 
solution gave a perfusion liquid capable of maintaining the heart beat 
at a satisfactory height for a considerable time. The so-called “Ringer's 
solution" contains 0.13 M NaCl, 0.0011 M CaCl,, and about 0.0002 M 
KQ.*^ .Similarly, Jacques Loeb found that certain marine organisms 
are killed quickly when transferred to a solution of sodium chloride 
having the same concentration as sea water ; but the destructive action 
of the sodium chloride is neutralized by adding CaCh in the ratio of 
one or two mols of the latter to 200 of the former. It is a striking 

••7. Pkysiol,Z, 380 (1880 82); 4. 29. 222 (1882 88); 7. 291 (1886). 

BayliM, “Principles of General PhysioloKy." 207 (1920). 

^PAUger's Arch., 97, 894 (1903); Loeb and Wastencys, Bwchem, Z., 32, 808 (1911); 
/. Bwl. Chtm., 21. 223 (1916). 
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fact that the optimum ratio of NaCl to CaCU' is approximately the* 
same as it is in nature, in sea-water, and in the blood of animals. A 
similar relationship obtains with certain plants. Thus Osterhout 
demonstrated that wheat grown in a solution containing 0.12 M NaCl 
and 0.0012 M CaCla develops extensive rootlets and shows other signs 
of healthy growth whereas in solutions of either 0.12 M NaCl or 0.0012 
M CaCU alone, no growth occurs. Moreover, zoospores of Vauch^ia 
grow rapidly in a solution of 0.01 M NaCl and 0.0001 M CaCl 2 or 
even in pure water ; but show no signs of growth in either 0.01 M NaCl 
or 0.0001 M C aClo. Observations of a similar character have been 
^made repeatedly by a number of (3ther biologists so that the antago- 
nistic action of salts on living organisms can be considered as one of 
the commonplaces of biological .science. 

The influence of salts on living cells appears to be closely related 
to their j>ermeability. Osterhout studied the effect of various electro- 
lytes on the conductivity of certain sea weeds such as laminaria. Im-. 
mediately after removal from sea water he found the tissues to exhibit 
a practically constant resistance to the passage of the current but on 
exposure to a comparable NaC'l solution the resistance decreased and 
to a com{)arabIc CaCb solution the resistance increased ; while exposure 
to properly balanced mixtures containing 100 iikjIs NaCl to 1 to 2 mols 
CaCla caused no ai)preciable variation from the normal. If Laminaria 
is first immcr>,ed in a 2.5 per cent solution of pure sodium chloride the 
electrical conductivity is increased; on adding a little calcium chloride 
to the solution, the sea weed returns to normal conductivity without 
showing signs of i>ermanent damage.’’- it api)ears, therefore, that the 
protoplasmic membrane is a physical system capable of undergoing ' 
reversible variations in permeability as a rci-ult of exposure to solutions 
containing varying amounts of sodium and calcium salts. From such 
observations, (Jsterhout divides substances into two groups (1) those 
which cause an increase in permeability and (2) those which can pro- 
duce a decrease in permeability. From this point of view, substances 
belonging to the first class will antagonize those belonging to the second 
and vice versa. “The soundness of this point of view is indicated not 
only by the fact that we are able to predict both qualitatively and (to 
a considerable extent) quantitatively the effect of combinations of salts 
but also by the very significant fact that we are able to extend this 
conception to organic compounds and to show that non-electrolytes 
which decrease permeability can also antagonize such substances, as 


•• Plant World. 16, 129 (1913) ; /. Biohg. Chrm . 19, 385 (1914). 

LilHc. Am. J 29 372 (1912); Nrtter, Hober’s “Phy»ik. Chem. d. iTille 

u. d. Oervefce, • Part II. 662, 668; Spirt., Schtveut mcd. Woehjehr., 51, 457 (1923); Utin. 
Chem. Zenir.t III, 887 (1922). 

•^Science (2) ,35, 112; 38, 350 (1912). 

"Osterhout. Science (2), 34, 187 (1911). 

••Science (3). 41, 365 (1916). 
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NaCl. lliese facts indicate that the hypothesis may be applied in a 
' general manner so as to include both electrolytes and noii'Clectrolytes,” 
This hypothesis does not account for fhe change in permeability, 
but Gowes has sought to explain it by cotujxiring the cell membrane 
to an oil-water emulsion in which soai>s concentrate at the interface be- 
tween oil and water lowering the surface of one or the other depending 
on whether the soap is oil-soluble or water-soluble.” Thus we should 
expect an emulsion of oil in water in the pre^^ence of sodium salts and 
of water in oil in the presence of calcium salts. “Salts of calcium pro- 
mote and alkalies and salts of sodium inhibit the transformation of a 
system consisting of a non-aqueous phase disj^ersed in water into the- 
reverse type of system, consisting of water more or less jxirfectly dis- 
persed in a non-aqueous phase. If the analog of islands surrounded by 
water and lakes surrounded by land is considered, it will be obvious that 
a transformation has been effected from a system which is freely per- 
meable to water to one which is imiK»rmeable, if the transformation is 
complete. Since the transformation in one direction is elTected by salts 
of calcium and in the reverse direction by salts of sodiunt, any inter- 
mediate degree of i)ermeability might well be obtainable by simply 
varying the proportions of the salts of sodium and calcium introduced 
iafo the system." From this point of view, it would follow that the 
critical ratio of sodium and calcium salts is one which produces a bal- 
ance between the two t)q)es of emulsion that is mo^t favorable for life 
and growth. In supix)rt of his hypothesis C'lowes, working with oil, 
water, and soap, showed that' the ratio of sodium and calcium salts 
necessary to produce a balancing between these two tyi)es of emulsions 
was about the same as that found in sea water. Although quite sug- 
gestive, Gowes’ view that a cell membrane is a labile emulsion is in- 
adequate to account for the marked osmotic pressure wliich a cell mani- 
fests. It seems better, at least for the present, to consider the cell 
membrane as a more or less rigid, semi-])ermeable pellicle comparable 
in certain respects to a copper fcrrocyanide membrane. 

From what we now know of the structure of jellies and gelatinous 
precipitates,” it seems probable that a copijer ferrocyanide membrane 
consists of myriads of minute iiarticles which adsorb water strongly. 
As a result of investigations carried out in Bancroft’s laboratory 
Gurchot considers a copjK‘r ferrocyanide film to be a negative colloidal 
film analogous to a colloidal iol. It is therefore a granular membrane 
(he space between the particles of which is more or less completely filled 
with adsorbed water. The film is therefore a dynamic system capable 
of reversible coagulation. 

“/. Pkys. Chem., 20. 407 (1016). 

** Bancroft, “Applied Colloid Chetnirtry," 261 (1021). 

•• C/ Wei»er, Rogue's “Colldidal flehavjor,'* 1. 377 (1024). 

Phy*- Chern,, 80 , 83 ( 102 d). 
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'lliH u)uc<'vt 


the 


' nature of a copper ferrocyanide membrane 


, 4 '.rr (»iint for a number of facts. To illustrate, it is known 

al.Ic.s one to . eonceiftration of salts the latter will pass through 

^%;!rrVrocynMe n>en,brane and sugar will not; whik at higher 
:‘Jt cLcutrations, both will pass through. 2 his is explained by assum- 
imr that no coagulation of the membrane fakes place below a certain 
critical concentration of salt. The salts being soluble m water dissolve 
in the water Ia)cr tiiid so pass through the membrane. Sugar molecules 
cannot go through in Ibis way because of strong negative adsorption. 
When the salt concentration reaches the critical coagulation value, there 
results agglomeration ot the particles which carry with them their hint 
of adsorbed water leaving cracks through which the sugar can pass. 
Reversing the coagulation by adding a peptizing agent reforms the 
sennj)ernieaJ)Ic film and the sugar will no longer pass through. Gurcbot 
apparently succeeded in accomplishing this reversal in permeability to 
sugar after coagulation with alcohol and salts, by means of CUSO4. For 
some reason (liirchot did nut try potassium ferrocyanide which would 
doubtless have produced the desired results in very low concentration. 
1'he diftkailty of testing for sugar in the presence of ferrocyanide does 
not seem to be sufficient reason for not trying the latter reagent. 

If the membrane of a living cell is a colloidal film similar to a col- 
loidal sol tnat can undeigo reversible coagulation, there would api>ear 
to be a close analogy l)etwccn the action of salt pairs in the precipitation 
of such sols as copi>cr ferrocyanide and arsenious sulfide and the an- 
tagonistic action of salt j^nirs on the permeability and hence on the life 
and growth of living cells. From this jX)int of view, all of the factors 
influencing the ])rccipitating action of salt pairs as it effects the stability 
of sols, which I ha\c outlined al>ove, will be concerned in the antagonis- 
tic action of salt pairs as it affects the permeability of [)rotoplasm. 


Summary. 

1. In the precipitation of sols there is an antagonistic action between 
the opp<^sitely charged iotis of a precipitating electrolyte in the sense 
that the greater the adsorption of the stabilizing ion, the greater must 
be the adsorption of the precipitating ion to effect neutralization. 

2. In the simultaneous adsorption from mixtures of two electrolytes 
having no ion in common, the most readily adsorbed cation and anion 
are taken up most and the other pair least readily ; while from mixtures 
hhving one ion in common, the oppositely charged ions are each adsorbed 
less than if the other were absent but the most readily adsorbed ion 
is displaced tlie least. 

3. The precipitation values for sols of mixtures of two electrolytes 
may be additive, may be greater than the additive values or may be less 
'•han the additive values. 
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4. The factors which determine the precipitation concentration df 
mixtures are : ( 1 ) The effect of each precipitating ion on the adsorp- 
tion of the other. (2) The stalnlizing action of ions having the same 
charge as the sol. (3) The relatively greater adsorhability of ions at 
lower concentrations. 

5. The antagonistic action between precipitating ions of the same 
charge is important in raising the critical concentrations above the 
additive value, only in case the ions show a marked difTerence in ad- 
sorbabilily. "I'his etTect predominates when arsenioiis sullide sol is 
precipitated by mixtures of the chlorides of barium and j)otassiiim. 

6. Under certain conditions, the critical values lor mixtures of two 
electrolytes may rise above the additive value even when the precipi- 
tating ions of the two are identical, thus eliminating antagonism be- 
tween precipitating ions. 

7. Variation from the additive relationship with mixtures of salt 
pairs having a common precipitating ion, results only when there is 
an apjireciable difference in the adsorbability of the stabilizing ions, 
the magnitude of the variation from an additive relationship being 
determined by this difference in adsorbability. 

8. If the first and second factors referred to ffi (4) are not too 
pronounced, the precipitation values of mixtures may fall below the 
additive value on account of the relatively greater adsorbaliility of 
precipitating ions at low concentrations. 

9. The aiitagmiistic action of salt pairs on prolojilasm is determined 
by their effect on the jiermeability of the cell membrane. 

10. The membrane of a living cell may be a colloidal film similar 
to a colloidal sol that can undergo reversible coagulation. If so, there 
W'ould appear to be a close analogy between the action t)f salt imirs 
toward such sols as cop)X‘r ferrocyanide and arsenioiis sulfide and the 
antagonistic action of salt jairs on the permeability and hence on the 
life and growth of living cells. 

The Rice Institute, 

Houston, d'exas. 
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